NANOMATERIALS TO BIOSENSORS: A BENCH-TOP RAPID PROTOTYPING APPROACH by Liao, Wei-Ssu
  
 
 
 
NANOMATERIALS TO BIOSENSORS: 
A BENCH-TOP RAPID PROTOTYPING APPROACH 
 
A Dissertation 
by 
WEI-SSU LIAO  
 
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
 
May 2009 
 
 
Major Subject: Chemistry 
  
 
 
 
NANOMATERIALS TO BIOSENSORS: 
A BENCH-TOP RAPID PROTOTYPING APPROACH 
 
A Dissertation 
by 
WEI-SSU LIAO  
 
Submitted to the Office of Graduate Studies of 
Texas A&M University 
in partial fulfillment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
Approved by: 
Chair of Committee,  Paul S. Cremer 
Committee Members, D. Wayne Goodman 
 James D. Batteas 
 Winfried Teizer 
Head of Department, David H. Russell 
 
May 2009 
 
Major Subject: Chemistry 
 iii
ABSTRACT 
 
Nanomaterials to Biosensors: 
A Bench-top Rapid Prototyping Approach. (May 2009) 
Wei-Ssu Liao, B.S., National Cheng Kung University, Taiwan;  
M.S., National Taiwan University, Taiwan 
Chair of Advisory Committee: Dr. Paul S. Cremer 
 
 Nanofabrication has received substantial interest from scientists and engineers 
because of its potential applications in many fields.  This was because nanoscale 
structures have unique properties that cannot be observed or utilized at other size scales. 
Our living environment and many of our daily necessities had been strongly influenced 
by these techniques. Computers, electronics, housewares, vehicles, and medical care are 
now all affected by this explosive nanotechnology. However, traditional methods in 
controlling nanoscale features and their properties were often time-consuming and 
expensive. The objective of my research was to design, fabricate, and test nanostructure 
platforms using a unique toolbox of bottom-up lithographic techniques recently 
developed in our laboratory. These novel methods can be utilized for the rapid 
prototyping of nanoscale patterns in a much easier and more economical way. 
Specifically, we also focused on applying these nanoscale patterns as sensor platforms. 
These platforms were easily produced with our unique methods, and provide ultra 
sensitive capability to detect diverse chemical or biological species. 
 iv
 The demonstration of capabilities and applications of our unique technologies 
includes the following projects. Chapters II and III describe a simple, inexpensive, and 
rapid method for making metal nanoparticles ranging between 10 nm and 100 nm in size 
through metal photoreduction with templates. The process can be completed in 
approximately 11 minutes without the use of a clean room environment or vacuum 
techniques. A simple label-free biosensor fabrication method based on transmission 
localized surface plasmon resonance (T-LSPR) of this platform is also demonstrated. 
Chapters IV and V present a nanoscale patterning technique for creating diverse features 
in polymers and metals. The process works by combining evaporative ring staining with 
a colloidal templating process. Well-ordered hexagonally arrayed nanorings, double 
rings, triple rings, targets, and holes were all easily prepared. A line width as thin as ~15 
nm can repeatably be performed with this technology. Finally, Chapter VI demonstrates 
an ultra-sensitive plasmonic optical device based on hexagonal periodic nanohole metal 
films produced through our evaporative templating technique. The optical properties of 
these sub-wavelength periodic hole array metal films are discussed. 
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CHAPTER I 
INTRODUCTION 
 
 
Objective 
 Over the past ten to twenty years, nanotechnology has created a revolution at the 
forefront of human life. Many useful applications in our daily necessities have been 
strongly influenced by these techniques. From common electronics to complicated 
medical treatments, nanomaterial and nanofabrication are getting more and more 
involved. Based on unique properties that cannot be observed or utilized at other size 
scales, nanoscale structures have become important in lot of fascinating fields. The 
fabrication of nanomaterials and nanopatterning features has drawn considerable 
attention because of both fundamental interests and potential applications. 1-15 Scientists 
and engineers have been especially interested in the fabrication process gaining control 
over their size and geometry. This is because a well controlled nanostructure provides 
correct and useful information for its potential applications in many fields.1-15 Therefore, 
tons of remarkable achievements in nanostructure fabrication have been demonstrated 
and utilized to achieve many special necessities.16-28  
 Depending on the exact size and shape of the intended materials, elaborate and 
time-consuming processes are often required to achieve highly uniform patterns.            
It should be noted that the current approaches for fabricating uniform nano-size features 
____________ 
This dissertation follows the style of Journal of the American Chemical Society. 
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often require sophisticated preparation, and relatively specialized equipments or 
environments. It is therefore desirable to design bench-top techniques that could be 
performed rapidly with minimal equipments and without specialized facilities. 
Furthermore, large scale production of highly uniform features is also required. In this 
research, we will introduce two simple, inexpensive, and rapid methods for making 
uniform sub 100 nm metal features. The overall objective of this study is to design 
bench-top techniques for nanomaterial fabrication, property examination, and study their 
prospective applications in biosensing based upon novel rapid-prototyping methods we 
developed. 
 
Micro/Nano Fabrication 
The central interest of micro/nano fabrication is focused on gaining control over 
feature size and geometry during the fabrication process. Conventionally, 
photolithographic methods provide a convenient route to fabricate precise structures 
down to the 100 nm scale.21, 29, 30 In brief, a photomask with special features was first 
produced through traditional photography. A thin layer of UV-sensitive material 
(photoresist) was spun-coated on the flat substrate. The photomask was then carefully 
aligned on top of the photoresist coated substrate and the whole chip was exposed to a 
UV light. After treated with the developing solution, the features on the mask could be 
transferred to the photoresist layer. This photoresist layer was then used as a mold for 
transferring features to the underneath substrate or other interested platforms. The whole 
process is demonstrated in Figure 1.1.30 
 3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Schematic illustration of structure fabrication and transfer through 
conventional photo/e-beam lithography. The top image was adapted from reference 30. 
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Although photolithographic methods created a very useful route in fabricating 
micro/sub-micro features, the application of this technique is still restricted to the 
diffraction limit of light (100 nm). On the other hand, electron-beam lithography is able 
to fabricate features down to sub 100 nm scale.30, 31 This technique relies on writing a 
mask directly into a polymer film on the substrate with an electron beam. The polymer 
layer with features can thereafter be used as a mold for transferring features to the 
underneath substrate or as a mask to deposit other material and then washed away, as 
demonstrate in Figure 1.1. This technique offers the advantage of creating arbitrary 
geometries, sizes, and spacing down to sub 100 nm.30 Although such a high resolution 
can be reached, it is always time consuming to make large arrays. In addition, the 
expensive facility requirement restricts its applications. 
Various synthetic methods have been used in past to prepare nearly 
monodisperse particles up to approximately 10 nm in diameter. 16, 17, 20, 25, 26 Moreover, 
chemical syntheses through changing the reaction conditions and the stabilizing 
surfactants successfully produced a diversity of structures such as nanocubes, 
nanoprisms, nanotriangles, tetrahedral, bipyrimids, nanostars, etc.32-37  
There are, however, fewer methods for easily fabricating highly uniform feature 
arrays on an intermediate length scale. Previous fabrication efforts on the 10 to 100 nm 
scale have included reduction synthesis and nanolithography.18, 19, 22, 23, 27, 28 Useful 
techniques such as extreme-UV lithography,38, 39 interference lithography,40-42 
nanocontact printing,43 and dip-pen nanolithography44 could be used to reach this range 
at specific conditions.21, 30 However, it should be noted that the approaches described 
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above often require sophisticated synthetic preparation, and/or relatively specialized 
equipments/environments. 
In nanoscale fabrication, template-based techniques have provided a very simple 
and economical way to produce well controlled nanostructures.28, 45-55 Useful templates 
such as nanospheres,46-49, 52-54 nanoporous anodic aluminum oxide (AAO),45, 50, 56 
nanochannels,51, 57 or nanoholes55 were utilized to produce a diversity of nanostructures 
like nanorods,58, 59 nanotubes,50, 59-68 nanoelectrodes,69 and nanoparticles.70, 71. These 
templates are also advantageous in terms of being inexpensive, convenient to use, 
comparably uniformity, and well-tunablity. They were typically combined with other 
techniques such as electrochemical deposition,50, 55 chemical vapor deposition,46-48 ion-
beam bombardment,51, 56 selective wetting,52, 53 and edge spreading49 methods to 
fabricate a large family of nanostructures. Large areas with minute features were 
therefore much easier to fabricate under the precise template confinement.  
One example of these useful templating techniques is to utilize monodispersed 
polystyrene or silica spheres for fabricating nanostructures. A variety of interesting 
structures were made through this simple phenomenon.46-49, 52-54 Nanosphere lithography 
(NSL) is one of the successful examples demonstrating the capability of applying self-
assembly micro/nano spheres as templates for nanofabrication.46, 47 In short, as 
demonstrated in Figure 1.2,72 the uniform sphere suspension solution was applied to a 
clean substrate. As the solvent evaporate, the capillary force drew the spheres together 
and a self-assembled hexagonal close packing array was formed. This array was then 
used as a mask for fabricating different uniform nanostructures through metal deposition  
 6
 
 
 
 
 
 
 
 
 
Figure 1.2. Schematic diagram of the example of templating technique: nanosphere 
lithography. The top image was adapted from reference 72. 
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and the following template lift-off process. Interesting nanostructures such as triangles 
or metal films over nanosphere (FON) could be easily performed by this technique.3, 46, 47, 
73, 74 Depending on the template size, nanostructures with different geometrical 
parameters could be easily produced. In the case of all naturally packing patterns, the 
nanosphere mask contains some common defects such as point defects (vacancies), line 
defects, and crystalline domains. The typical defect-free domain sizes are in the 10-100 
µm range.73 In addition to nanosphere lithography, techniques combining sphere 
templates and other methods such as shadow lithography,48 edge spreading,49 ion 
etching,56 etc. were all successfully demonstrated in fabricating and studying interesting 
nanostructures. Furthermore, randomly packed spheres could also be used in 
manipulating other fascinating features such as nanorings, nanoholes, etc. which are 
known to show some fascinating optical and physical properties.75-80 
 
Surface Plasmon Resonance (SPR) 
Metal nanostructures possess many unique physical, electrical, optical, photonic, 
magnetic, and catalytical properties.2-4, 6-8, 11, 13, 15, 73 These properties are strongly 
dependent on nanostructure material composition, geometrical parameters, and 
dimensions scale. One of the fascinating properties of nanostructures is called surface 
plasmon resonance (SPR). Surface plasmon resonance is a coherent oscillation of metal 
conduction electrons with the introduced electromagnetic wave. This phenomenon has 
been applied to a variety of applications such as chemical and biological sensing,4, 73, 81-87 
surface plasmon enhanced spectroscopies,88-90 and lithographical fabrication.91, 92 There 
 8
are two types of surface plasmons called propagating plasmon (plasmon polariton), and 
localized plasmon.72 These two types of plasmons are demonstrated schematically in 
Figure 1.3.72 In surface plasmon polaritons, plasmons propagate in the x and y directions 
along the metal-dielectric interface and decays evanescently in the z direction. In 
localized surface plasmons, the introduced light interacts with the particles which are 
much smaller than the light wavelength. A plasmon oscillating locally with the 
nanoparticles is therefore produced.72 Both surface plasmon polariton and localized 
surface plasmon are sensitive to local dielectric environment changes. This leads to the 
application of surface plasmons in ultrasensitive chemical and biological sensing.3, 4, 72, 73, 
81, 93, 94 
Generally, surface plasmon polariton experiments were performed through 
smooth and thin films of Au or Ag with thickness in the range of 10-200 nm.72, 73, 93 The 
interaction between the metal surface-confined electromagnetic wave and molecular 
surface layer was observed through angle, wavelength, or image modes.73, 84 A 10-100 
times field enhancement and ~1000 nm field spatial range were expected.73, 93 On the 
other hand, localized surface plasmon resonance experiments were performed through 
10-200 nm Au or Ag nanoparticles.72, 73, 93 A 100-10000 times field enhancement and 
10-50 nm spatial range were expected depending on particle geometries.73, 93 Overall, 
surface plasmon polariton is more sensitive to the bulk refractive index changes. 
However, the much smaller sensing volume of localized surface plasmon resonance due 
to the much shorter (40-50 times) electromagnetic field decay length leads to 
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comparable response of these two techniques when measuring short range refractive 
index changes such as a molecular adsorption layer.72, 93 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Schematic diagram of (a) surface plasmon polariton and (b) localized surface 
plasmon. The top image was adapted from reference 72. 
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Applications of Nanostructures 
In the analytical chemistry field, nanoscale features have been widely used in 
biosensing because of their unique properties and size.4, 72, 73, 81-87, 93, 94 An ideal 
biosensor should be very sensitive, highly selective, simple to fabricate, and easy to read. 
One unique property of these highly uniform nanofeature arrays is to be used as a 
platform for transmission localized surface plasmon resonance (T-LSPR) biosensors. A 
representative experimental setup and procedure is demonstrated in Figure 1.4.94 The 
coherent oscillation between metal conduction electrons and the introduced 
electromagnetic wave can induce photon absorption and scattering, both of which are 
very sensitive to the dielectric properties of the surrounding medium.82, 95 Through well 
control of nanostructure geometry, size, and composition, this plasmonic band could be 
adjusted to a wide range of wavelength.72, 93, 96 This provides a variety of useful 
applications in photonics, electronics, optics, and biosensing. 1-15, 72, 73, 93 For a biosensor 
purpose, platforms can work in transmission mode whereby conduction electrons in the 
metal collectively oscillate when an electromagnetic wave is introduced through the 
sample. This technique is simpler to use than traditional SPR conducted in reflectance 
mode (Kretchmer geometry). This is because a planar LSPR sample can be directly 
placed into a standard UV-visible spectrometer to carry the absorption measurement. 
Several laboratories have reported successfully use of this technique for chemical and 
biological sensing to date.4, 73, 81-87 Nevertheless, the sensing platforms fabrication is 
always elaborate, time consuming, and requires specialized equipments and/or 
environments. Therefore, it would be important to design a simple, inexpensive, and 
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rapid method for T-LSPR biosensor fabrication. Furthermore, techniques which maintain 
high sensitivity and specificity for protein detection are also required. 
In addition to biosensor applications, intrinsic nanostructure properties are also a 
matter of interest among scientists. A better understanding of material properties on the 
nanoscale level could provide unknown new physical properties and related applications 
in the optical, material, electrical, chemical and biological sciences. In order to study 
these interesting phenomenon, nanofabrication techniques should afford precise control 
of structures and also provide high throughput efficiency. With the advancements in 
nanofabrication techniques, systematic studies of nanomaterial properties could be well 
examined and the potential applications could be better utilized.  
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Figure 1.4. Schematic diagram of the example of localized surface plasmon resonance 
sensing. The top image was adapted from reference 94. 
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CHAPTER II 
A RAPID PROTOTYPING APPROACH TO AG NANOPARTICLE 
FABRICATION IN THE 10-100 NM RANGE* 
 
 
Introduction 
 Metal nanoparticles possess unique physical, magnetic, optical, electrical and 
catalytic properties.2, 4, 11, 13, 15 Gaining control over their size and geometry during the 
fabrication process is of central interest.  This has led to remarkable achievements in the 
preparation of nearly monodispersed particles up to ~10 nm in diameter by employing 
synthetic methods.16, 17, 20, 25, 26 Moreover, photolithographic methods now make it 
possible to precisely control geometries down to the 100 nm scale.19, 21, 24, 27 There are, 
however, fewer methods for easily fabricating highly uniform metal nanoparticle arrays 
on an intermediate length scale. 
 Previous fabrication efforts on the 10 to 100 nm scale have included reduction 
synthesis and nanolithography.18, 22, 23, 28 Also, template approaches have been used to 
synthesize nanotubes,50, 60-68 nanorods,58, 59 nanoelectrodes,69 and nanoparticles.70, 71 
Some of these techniques depend on wet electrochemical methods to deposit metal onto 
a   uniform   nanoporous   template,50, 59-61, 63-68  while   others  apply  thermal  or  e-beam  
____________ 
*Reproduced with permission from “A Rapid Prototyping Approach to Ag Nanoparticle 
Fabrication in the 10-100 nm Range” by Liao, W. S.; Yang, T. L.; Castellana, E. T.; 
Kataota, S.; Cremer, P. S. Advanced Materials, 2006, 18, 2240-2243. Copyright 2006 
John Wiley & Sons, Inc. 
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evaporation followed by etching procedures.70, 71 Anodic aluminum oxide (AAO) 
templating has been widely exploited in these applications because of its uniformity, 
rigidity, and size controllable properties.  
 It should be noted that the approaches described above require a vacuum 
chamber for evaporating metal, a clean room environment, sophisticated preparation, 
relatively specialized equipment and/or etching steps. It was therefore deemed desirable 
to design a benchtop technique that could be performed rapidly with minimal equipment 
and without specialized facilities, while still achieving large arrays of highly uniform 
particles.  Herein, a simple templating method is described for photoreducing metal from 
aqueous solutions onto TiO2 thin films through a nanoporous filtration membrane. 
 TiO2 has well-studied photocatalytic properties, which makes it an excellent 
choice for reducing metal ions from solution by UV illumination.97, 98 Most often it has 
been used in the form of nanoparticles for reducing metal ions in solution.99-102 More 
recently the process has been demonstrated with a thin TiO2 film on a silica substrate.103 
In both cases the metal particles that are synthesized are typically 50 nm to 200 nm, 
where the average size can be tuned to some extent by the solution conditions.  Although 
the particles are not monodispersed, it should be emphasized that the process can be 
performed under mild conditions (i.e. at room temperature in aqueous solution and 
neutral pH). 
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Experimental Section 
 Porous alumina filtration membrane templates were purchased from Synkera 
Technologies (Longmont, CO).  The templates were 1.3 cm in diameter and 50 µm thick.  
Four different pore diameters were employed 18 nm, 35 nm, 55 nm, and 73 nm.  The 
template with the smallest pores contained approximately 5 x 1010 pores/cm2.  The 
others had 1 x 1010, 5 x 109, and 4 x 109 pores/cm2, respectively.  We independently 
verified the manufacture's pore size and density by scanning electron microscopy.   
Ethanol was obtained from AAPER Alcohol and Chemical Co. (Shelbyville, KY), 
while AgNO3 was purchased from Sigma Aldrich (Milwaukee, WI).   
Polished Pyrex 7740 wafers (25.4 mm2, 0.5 mm thick) were supplied by 
Precision Glass and Optics (Santa Ana, CA).   
Purified water (≥18.2 MΩ·cm) was prepared with a NANOpure Ultrapure Water 
System (Barnstead, Dubuque, IA). 
 
 
 
 
 As stated above, the precursor solution consisted of 1 g of titanium (IV) 
isopropoxide (Sigma Aldrich, Milwaukee, WI), 0.15 g of HCl (EM Industries, 
Gibbstown, NJ), and 8.0 g of isopropanol (Acros, Geel, Belgium).  The solution was 
prepared by first adding titanium (IV) isopropoxide followed by the acid.  All solutions 
were used within two weeks. A TiO2 film was made by depositing approximately 150 
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µL of the TiO2 precursor solution onto the Pyrex sample as described above.  The 
reduction of silver from a 0.1 M aqueous silver nitrate solution was performed with a 
standard 100 W Hg Arc lamp as the UV source.  The light was illuminated onto the TiO2 
interface through the Pyrex side of the sample (Figure 2.1).  The Pyrex sample is 
transparent in the near UV (~365 nm), which is the critical wavelength region from 
reducing silver ions from solution.  
 AFM measurements of nascently formed Ag nanoparticle arrays were made by 
using a Nanoscope IIIa (Digital Instruments, Santa Barbara, CA).  All measurements 
were made by tapping mode in air with a type E scanner employing etched silicon tips, 
NSC15/No Al (Mikro Masch, Wilsonville, OR).  TiO2 film thickness was measured with 
a Dektak 3 Stylus profilometer (Veeco Tucson Inc., Tucson, AZ).  XPS was performed 
on a Kratos Axis Ultra Imaging X-ray photoelectron spectrometer (Kratos Analytical 
Inc., Chestnut Ridge, NY).  
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Figure 2.1. Schematic diagram of the process for fabricating silver nanoparticle arrays. 
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Results and Discussion 
 Our strategy for forming uniform size arrays of metal nanoparticles is outlined in 
Figure 2.1.  In a first step, a TiO2 precursor was deposited onto the surface of a Pyrex 
slide in a dropwise fashion from an alcohol solution.  The precursor solution consisted of 
1 g of titanium (IV) isopropoxide, 0.15 g of HCl and 8.0 g of isopropanol. 
Approximately 150 µL of this mixture quickly and completely wetted the surface of a 
2.5 cm x 2.5 cm planar Pyrex substrate.  Next, a circular nanoporous alumina filtration 
membrane with 18 nm diameter pores was placed on top of the wet glass slide and the 
system was allowed to dry under ambient conditions for 6 minutes. As the isopropanol 
evaporated, the TiO2 film formed spontaneously on the Pyrex and its presence was 
directly verified by x-ray photoelectron spectroscopy (XPS). Profilometry measurements 
showed that the film was approximately 200 nm thick. Atomic force microscopy (AFM) 
measurements revealed that the coating was very flat with a root mean squared 
roughness of 0.72 nm over a 1 µm2 area (Figure 2.2a).  This surface roughness was 
identical to a control experiment where the precursor solution was allowed to evaporate 
from the substrate in the absence of the alumina membrane. Indeed, no evidence of pillar 
formation caused by the nanoporous template could be detected.  Moreover, only trace 
amounts of TiO2 could be found on the alumina surface by XPS.  It should be noted that 
the alumina template was gently pealed off the substrate by a pair of tweezers before 
AFM and XPS data were obtained. 
 When forming a silver nanoparticle array, the alumina membrane was left in 
place  on  the  Pyrex  substrate  and a  0.1 M  AgNO3  aqueous  solution  was  introduced  
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Figure 2.2. AFM micrographs of Ag nanoparticle arrays made by using different pore 
size templates: (a) bare TiO2/Pyrex surface, (b) 18 nm template, (c) 35 nm template, (d) 
55 nm template, (e) 73 nm template, and (f) a control experiment without UV 
illumination of the sample. 
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dropwise above it (~150 µL) after waiting 6 minutes for the precursor solution to dry.  
This essentially immersed the hydrophilic alumina membrane in bulk aqueous solution.  
UV radiation was then illuminated onto the alumina/glass interface through the Pyrex 
substrate to reduce metal from solution for 5 minutes.  Finally, the alumina template was 
gently pealed away from the glass surface and washed with ethanol and deionized water.  
XPS measurements confirmed the deposition of Ag onto the Pyrex support.   
 Atomic force microscopy was performed over a 2 µm x 2 µm area in order to 
access the size, shape, and density of the Ag nanoparticles.  The results indicated that the 
metal nanoparticles were ~19 nm in diameter (Figure 2.2b). This compares favorably 
with the known template size of the alumina filtration membrane specified by the 
manufacturer (18 ± 3 nm). Next, several control experiments were performed.  For 
example, the above conditions were repeated exactly, but the surface was left in the dark 
for 5 minutes instead of being illuminated with UV.  This demonstrated that no 
nanoparticles were formed on the substrate (Figure 2.2f).  Also, a control experiment 
was performed with UV illumination, but without AgNO3 in the aqueous solution.  
Again, no evidence for nanoparticle formation was found.  A final control without a 
TiO2 thin film, but with a AgNO3 solution and UV illumination also showed no evidence 
for metal deposition (AFM data looked identical to Figure 2.2f). 
 The photoreduction of Ag nanoparticles was repeated with alumina filtration 
membranes that contained 35 nm, 55 nm, and 75 nm diameter nanopores.  The 
corresponding AFM images are provided in Figure 2.2c-e.  Again, the sizes of the 
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nanoparticles were determined by AFM.  The results closely corresponded to the known 
pore diameters in the alumina template (Table 2.1).   
 
 
Table2.1. Template pore sizes and resultant mean nanoparticles diameters. 
 
Template pore size (nm) Mean nanoparticle diameter (nm) 
18 ± 3 19 
35 ± 3 34 
55 ± 6 55 
73 ± 7 72 
 
 
 
 To determine information about the particle size distribution, the AFM data were 
employed to assemble histograms from the arrays of nominally 18 nm, 35 nm, 55 nm, 
and 73 nm Ag nanoparticles. The number of particles analyzed was 590, 309, 216, and 
117, respectively. The bin sizes were 2 nanometers and the results, normalized to 100 
total counts, are shown in Figure 2.3. As can be seen from the data, the particle 
distributions were quite narrow. In each case the vast majority of particles fit into just 
two bins. Indeed, between 73% and 83% of the nanoparticles were within this range for 
the three smallest pore sizes and 61% of particles fit within it for the largest filter. In all 
cases the distributions were slightly skewed toward the low end.  This should be 
expected because the templates provide an upper bound to particle size, while it should 
be possible to grow nanoparticles on the TiO2 surface that do not completely fill the pore. 
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This effect is most pronounced for the largest pore-size where the average particle size 
would be only modestly larger than 73 nm even in the absence of a template under 
otherwise similar conditions.  It should be emphasized, however, that these results 
represent some of the narrowest particle distributions achieved to date using any 
technique. 
 It was found that the particle arrays were highly uniform over large regions of the 
Pyrex sample.  Data were gathered from multiple 25 µm2 scan regions on different 
samples and over areas that were several millimeters apart on single samples.  
Representative area images are shown as inserts in each histogram in Figure 2.3. Of 
equal significance, we found that the membrane templates could be used repeatedly. To 
do this, each alumina template was washed with water and ethanol after being pealed 
away from the surface. The template was then used with a new precursor solution and 
Pyrex substrate. The results revealed no perceptible loss in fidelity of the array even after 
several uses.  The alumina membranes were checked for the presence of Ag by XPS and 
the peak corresponding to Ag was extremely weak (barely above the noise level), when 
it could be found at all. 
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Figure 2.3. Histograms of Ag nanoparticle diameters formed with (a) 18 nm, (b) 35 nm, 
(c) 55 nm, and (d) 73 nm alumina templates.  The insets show representative 5 µm x 5 
µm AFM micrographs. 
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Conclusion 
 In summary, we have demonstrated a reliable and simple method for the rapid 
prototyping of metal nanoparticles onto thin TiO2 films on Pyrex substrates by using UV 
illumination. All experiments could be performed at a laboratory benchtop with 
commercially available and relatively inexpensive materials. Moreover, the entire 
process could be performed from start to finish in about 11 min.  The uniform size and 
shape control of the nanoparticles over large areas suggest that this approach could be 
employed for biosensor development as well as in catalytic applications.  Finally, it 
should be straight forward to apply this method for producing arrays of other metal 
nanoparticles such as Au, Pd, and Cu. 
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CHAPTER III 
BENCHTOP CHEMISTRY FOR THE RAPID PROTOTYPING OF LABEL-FREE 
BIOSENSORS: TRANSMISSION LOCALIZED SURFACE PLASMON 
RESONANCE DEVICES 
 
 
Introduction 
 Surface plasmon resonance (SPR) has recently become a popular method for 
designing chemical and biological sensors because it affords label-free detection with 
relatively highly sensitivity.73, 96, 104-106 Classical SPR applications exploit refractive 
index changes at the sensor/fluid interface to detect analyte molecules.107-111 The 
required reflectometry setup, however, somewhat limits the widespread employment of 
this type of platform. Recently, a simpler setup, transmission localized surface plasmon 
resonance (T-LSPR), has been demonstrated.82, 112-114 T-LSPR can be achieved with 
noble metal nanoparticles spread on a transparent substrate. The surface nanoparticle 
conduction electrons collectively oscillate when an electromagnetic wave is introduced. 
This coherent oscillation can induce photon absorption and scattering, both of which are 
very sensitive to the dielectric properties of the surrounding medium.82, 95 This effect is 
typically present only when the metal particle size is smaller than the wavelength of the 
incident light. Moreover, this optical phenomenon is strongly sensitive to nanoparticle 
size, shape, and composition.115-117 
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In previous LSPR work, Okamoto and coworkers used colloidal gold nanoparticles 
spread on glass substrates for sensing polymer coatings.112 Rubinstein and coworkers 
demonstrated the use of evaporated gold island films for chemical sensing.113, 118, 119 Van 
Duyne and coworkers employed silver nanotriangles fabricated by nanosphere 
lithography for sensing proteins,82 while Chilkoti and coworkers have demonstrated a 
successful colloidal gold nanoparticle SPR biosensor.114 Other researchers have also 
used similar transmission approaches for mono/multilayer film sensing,112, 113, 118-120 
protein binding assays,3, 82, 95, 114, 115 DNA hybridization,121, 122 as well as polymer 
studies.123 Because very simple instrumentation such as a conventional UV-Vis 
spectrometer can be used in conjunction with the LSPR approach, biosensing has 
certainly become more convenient. Nevertheless, the fabrication of the sensing platforms 
is still an elaborate and time consuming which requires specialized equipment and/or 
environments. Therefore, it would be important to design a simple, inexpensive, and 
rapid method for T-LSPR biosensor fabrication, which could still maintain high 
sensitivity for protein detection. 
We have recently demonstrated a rapid prototyping approach for the fabrication of 
monodisperse silver nanoparticle arrays on TiO2 thin films. TiO2 is a well-studied 
photocatalyst, which has been widely used for metal nanoparticle preparation.97-103, 124 
The process involves the photoreduction of metal by UV illumination of the oxide thin 
film.97-99, 103, 124, 125 The size, shape, and density of the metal nanoparticles in our method 
can be controlled by using nanoporous alumina filtration membranes as templates.  The 
alumina template confines the size and shape of the nanoparticles during their 
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production. The entire fabrication process can be completed at a standard laboratory 
benchtop within 11 min without the need for vacuum techniques or a clean-room 
environment.  Moreover, highly monodisperse metal particles in a size range between 10 
and 100 nm can be easily produced.   
We reasoned that our metal nanoparticle arrays should be a convenient platform for 
creating T-LSPR biosensor substrates (Figure 3.1). To investigate this, a monodisperse 
silver nanoparticle array was fabricated by the template photoreduction process and then 
treated with a ligand-linked thiol for protein capture from solution. The well-studied 
biotin/streptavidin binding pair was chosen for the purposes of demonstration. It was 
found that the size of the silver nanoparticles employed was critical for obtaining high 
quality binding data.  Specifically, smaller particles (~19 nm), which had narrower 
plasmon bands were found to be superior to larger particles (>50 nm).  To the best of our 
knowledge, the platform we employ has one of the narrowest particle arrays used to date 
for protein detection.  The results clearly demonstrate high signal-to-noise ratios from a 
single layer of metal particles. Binding curves could be constructed for determining the 
equilibrium dissociation constant.  
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Figure 3.1. Schematic diagram of the process for fabricating monodisperse silver 
nanoparticle based T-LSPR biosensors. (A) Silver nanoparticle array templated by an 
alumina membrane on thin TiO2 film during the photoreduction process. (B) 
Monodisperse silver nanoparticle array after alumina membrane lift off. (C) Biotin/PEG 
modified silver nanoparticle biosensing array. (D) Sensing of streptavidin molecules. 
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Experimental Section 
Materials 
    Polished Pyrex 7740 wafers (25.4 mm2, 0.5 mm thick) were purchased from Precision 
Glass and Optics (Santa Ana, CA) and the nanoporous alumina filtration membrane 
templates came from Synkera Technologies (Longmont, CO). The nanotemplates had 
pore sizes of 18 nm, 35 nm, 55 nm, and 73 nm (1.3 cm diameter, 50 µm thickness). The 
templates had pore densities of 5 x 1010, 1 x 1010, 5 x 109, and 4 x 109 pores/cm2, 
respectively, according to the manufacturer.  We confirmed these values in house by 
scanning electron microscopy (Zeiss 1530 VP FE-SEM).  Titanium (IV) isopropoxide, 
AgNO3, 4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid (HEPES buffer salt), 
bovine serum albumin (BSA), sodium phosphate, and sodium chloride were purchased 
from Sigma-Aldrich (Milwaukee, WI). HCl was purchased from EM Industries 
(Gibbstown, NJ) and isopropanol was purchased from Acros (Geel, Belgium). Ethanol 
was obtained from AAPER Alcohol and Chemical Co. (Shelbyville, KY). Purified water 
(≥18.2 MΩ·cm) was prepared with a NANOpure Ultrapure Water System (Barnstead, 
Dubuque, IA). H2O2 and H2SO4 were purchased from EMD Chemicals Inc. (Gibbstown, 
NJ). Biotin PEG disulfide (Figure 3.2, structure 1) and PEG propionate disulfide (Figure 
3.2, structure 2) were obtained from BioVectra Inc. (Prince Edward Island, Canada). 
Streptavidin and Texas Red-labeled streptavidin were purchased from Invitrogen 
(Eugene, OR). 
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Figure 3.2. Biotin PEG disulfide (structure 1) and PEG propionate disulfide (structure 2) 
structures. 
 
Solution Preparation 
HEPES buffer solution was made with purified water (10 mM, pH 7.4), while 10 
mM phosphate buffered saline (PBS) was slightly less basic (pH 7.2). Biotin PEG 
disulfide and PEG propionate disulfide solutions were prepared as 2 mg/mL and 10 
mg/mL stock solutions in HEPES buffer, respectively. These solutions were prepared 
immediately before use. Streptavidin, Texas Red labeled streptavidin, and bovine serum 
albumin (BSA) solutions were prepared in PBS buffer, and were prepared as stock 
solutions at 1 mg/ml before dilution to the appropriate concentration. 
 
Preparation of Biosensor Substrates 
    A transparent Pyrex wafer was used as the substrate and was soaked in piranha 
solution (1:3 ratio of 30% H2O2 and H2SO4) to remove organic contaminants from the 
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surface. Caution: piranha solution is a vigorous oxidant and should be used with extreme 
care. Next, the substrate was rinsed with copious amounts of purified water and dried 
with nitrogen gas. At this point ~150 µL of a TiO2 precursor solution was deposited onto 
the surface of the slide with a pipette. This solution was made from 1 g of titanium (IV) 
isopropoxide, 0.15 g of HCl and 8.0 g of isopropanol. Next, a nanoporous alumina 
filtration membrane was placed on top of the solution-covered Pyrex slide and the liquid 
was allowed to evaporate under ambient conditions for 6 min.  Following this, 300 µL of 
0.1 M AgNO3 solution was introduced to the top side of the alumina membrane and the 
entire system was exposed to UV irradiation, which was applied through the Pyrex side 
for 5 min. This was done with a standard 500 W Mercury Arc lamp (Newport Oriel 
Instruments, Stratford, CT). After photoreduction of the metal particles onto the TiO2 
thin film, the alumina template was gently peeled away and the supported silver 
nanoparticle array was washed with ethanol and purified water.  In the penultimate step, 
the substrate was incubated overnight in a solution of 0.5 mg/mL biotin PEG disulfide 
solution, which also contained 5 mg/mL PEG propionate disulfide (10 mM HEPES, pH 
7.4).103 To prevent oxidation of the biotin molecules, the incubation was performed in 
the dark and the solution was surrounded by a N2 atmosphere. Finally, the nanosensor 
array was washed with ethanol and distilled water. At this point it was ready for protein 
biosensing. 
    Fluorescence control experiments were performed to ensure that biotin was 
appropriately presented on the nanoparticle array. A 1.0 µM solution of Texas Red-
labeled streptavidin was introduced above the sample, incubated for 30 minutes, and 
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then washed away with HEPES buffer. A strong fluorescent signal was detected from 
the sensing array under an upright fluorescence microscope (Eclipse E800, Nikon). The 
fluorescence response was almost completely absent when the same system was placed 
under the microscope without the presence of biotin ligands at the interface. 
 
SPR Measurements and Substrate Imaging 
    AFM measurements of Ag nanoparticle arrays were made with a Nanoscope IIIa from 
Digital Instruments (Santa Barbara, CA).  These experiments were done in tapping mode 
in air with a type E scanner employing etched silicon tips (NSC15/No Al, Mikro Masch, 
Wilsonville, OR). UV-Vis spectra were taken with a Lambda 35 UV/Vis spectrometer 
(PerkinElmer Instruments, Shelton, CT).  Since the Pyrex substrates were transparent, 
the chips could be directly and conveniently seated inside the spectrometer.  
 
Results 
T-LSPR Spectrum of Monodisperse Silver Nanoparticle Arrays 
    In a first set of experiments, a silver nanoparticle array was prepared with an alumina 
membrane template containing 18 nm pores. As can be seen from the AFM image, the 
nanoparticles were nearly uniform with an average full width at half height (FWHH) of 
~19 nm (Figure 3.3). The nearly monodisperse supported particle array was then tested 
for T-LSPR. The absorption peak at 480 nm in the UV-Vis spectrum (Figure 3.4b) is 
consistent with the plasmon resonance of the Ag nanoparticles reported earlier in 
literature.126-128  It  suggests   that   SPR   properties   of   the   Ag   nanoparticles   is   not  
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Figure 3.3.  AFM micrograph of a Ag nanoparticle array using 18 nm pore size template. 
The dome-shaped nanoparticles are very uniform in size and with a full width at half 
height of 19 nm. Scale bar: 1 µm. 
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significantly changed by the TiO2 substrate. It should also be noted that bare TiO2 
surfaces had no such absorption features in this frequency range (Figure 3.4a).
Arrays with silver nanoparticles of different sizes were fabricated by using 
nanoporous alumina templates with different pore sizes (35 nm, 55 nm, and 73 nm). The 
silver nanoparticles made from them had an average particle size (FWHH) of 34 nm, 55 
nm, and 72 nm, respectively, as determined by AFM. The plasmon resonance absorption 
peak was found to red-shift with increasing size of the silver nanoparticles (Figure 3.4). 
Moreover, the peak intensity increased and the peak width broadened with increasing 
particle size. Such observations are consistent with theory.129-131 The red shift of the 
absorption with increasing nanoparticle size is expected with a quantum confinement 
effect. Both the dipole and quadrupole resonance modes should contribute to this. The 
resonance of the quadrupole moment appears at longer wavelength than that of dipole 
moment. Increasing contribution from quadrupole resonance modes with increasing size 
of the nanoparticles, will make the peak appear much broader and apparently red-shift. 
Similar observations have been made previously with similar systems.18, 23, 132-134 Here 
we demonstrated that such spectral properties can be achieved with nanoparticles made 
by rapid prototyping methods. In fact, the optical properties appear to be comparable 
with, if not better than, those obtained with metal particles which were fabricated by 
more complex and time-consuming strategies.  
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Figure 3.4.  UV/Vis spectrum of (a) TiO2 background, and four different diameter silver 
nanoparticle arrays fabricated by (b) 18 nm, (c) 35 nm, (d) 55 nm, and (e) 73 nm 
templates, respectively. 
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T-LSPR Biosensors 
The monodisperse silver nanoparticle array was incubated overnight in a solution 
containing 0.5 mg/mL biotin PEG disulfide and 5 mg/mL PEG propionate disulfide in 
10 mM HEPES buffer (pH 7.4) to obtain a biotin terminated surface as shown 
schematically in Figure 1c. The biotin terminated nanoparticle array was then incubated 
with streptavidin solutions of varying concentrations for 30 min. Absorption spectra 
were taken before and after each incubation. Fig. 3.5 shows a typical experiment 
performed with a 19 nm silver nanoparticle array. It was found that the plasmon band 
red-shifted upon protein adsorption until the surface was saturated with protein. We also 
noted in most experiments that the plasmon peak intensity increased upon adsorption; 
however, the peak intensity was not as reliable an indicator of protein binding as the 
frequency shift, in agreement with previous works.3  
Fig. 3.6 shows the binding curve for the biotin-streptavidin binding system using 
the 19 nm diameter silver nanoparticles. Again, the metal nanoparticles were terminated 
with biotin moieties diluted into PEG in a ratio of 10:1. The curve was obtained by 
introducing streptavidin solutions above the sample in a concentration range from 10-16 
M to 10-6 M. In order to achieve equilibrium, all the protein incubation experiments were 
performed in a dark, hermetically sealed environment for a minimum of 3 hr.3 At the 
lowest protein concentration (10-16 M), it was incubated for 24 hours to insure 
equilibrium had been achieved.  
As can be seen from the data, the plasmon resonance shifted with increasing protein 
concentration, and a simple Langmuir isotherm could be used to fit the data:3 
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Figure 3.5. UV/Vis spectra of 19 nm diameter Ag nanoparticle biosensor array (a) before, 
and after incubated with (b) 10-12 M, and (c) 10-6 M streptavidin solutions, respectively. 
 
 
 
 
 
 
 38
∆λ / ∆λmax = K [SA] / (1 + K [SA]) 
 
where ∆λ is the wavelength shift caused by the addition of protein and ∆λmax is the 
wavelength shift which was observed at saturation. K is the equilibrium binding constant 
and [SA] is the concentration of streptavidin applied to the system. Using this equation 
gave a value of K = 2 x 1012 M-1, which is consistent literature values for similar surface 
systems measured with other methods.135 
Several control experiments were run to ensure that the data in Figure 3.6 were not 
the result of non-specific adsorption. First, 1 mg/mL bovine serum albumin (BSA) in 
PBS buffer (10 mM PBS, pH 7.2) was added to the biotin-PEG-conjugated 19 nm silver 
nanoparticle array. No discernable SPR peak shift was observed under these conditions. 
In a second control experiment, a 5 mg/mL PEG propionate disulfide solution was 
incubated over a Ag nanoparticle array in the absence of biotinylated ligands.  This 
system was challenged with a 10-6 M streptavidin solution for 30 minutes. Again, no 
evidence for an SPR shift could be found within experimental error.  As expected, 
nonspecific binding of protein molecules to the PEG-covered nanoparticles was quite 
low.103 
By applying the same preparation methods, different diameter silver nanoparticle 
biosensors were also examined. Interestingly, the sensitivity of the sliver nanoparticle 
sensors was particle size dependent. Fig. 3.7 shows the absorption spectra of three 
different diameter silver nanoparticle biosensors prepared by the same procedures as the 
19 nm silver nanoparticle array. Absorbance data are displayed both before and after a  
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Figure 3.6. Binding curve of biotin-streptavidin interaction using 19 nm diameter Ag 
nanoparticle biosensor array. Solid dots represented experimental points while the curve 
was a Langmuir fitting. 
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Figure 3.7. UV/Vis spectrum of different diameter Ag nanoparticle biosensor arrays 
before, and after incubated with 10-6 M streptavidin solutions, respectively. (A) 34 nm, 
(B) 55 nm, (C) 72 nm Ag nanoparticle. 
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30 min. incubation of the sensor platform with a 1.0 µM streptavidin solution. This 
concentration should be more than enough to cause saturation binding under the 
conditions employed. As can be seen, protein binding caused a red shift in the plasmon 
resonance for all three diameters of Ag nanoparticles employed.  However, the degree of 
red shift, ∆λmax is size dependent. A very distinct decrease in ∆λmax was observed with 
increasing metal particle size. The values of ∆λmax for each metal particle size are 
provided in Table 1. As can be seen, the sensitivity is virtually same for the 19 nm array 
and the 31 nm array. The sensitivity drops quickly as the size increased further, 
suggesting that the larger particles became increasingly less useful as SPR sensors.  This 
was the case in spite of the fact that the absorbance maximum of the plasmon resonance 
increased with size (Table 3.1).  Therefore, for practical sensor design, it appears that 
smaller nanoparticle sizes (at least down to 30 nm) appear to be more useful than larger 
ones.  Our current results may seem somewhat different than those reported by Nath and 
Chilkoti, where they found that the nanoparticles with 39 nm diameters had optimal 
sensitivity.  One possibility for the apparent discrepancy may result from the different 
shapes of nanoparticles used in the two studies. Nath and Chilkoti made spherical gold 
nanoparticles in solution and load them on the substrate, while our nanoparticles are 
dome-shaped. Note that the full widths of these dome-shape particles were significantly 
larger than the FWHH values we reported here. 
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Table 3.1. Maximum wavelength shifts (∆λmax) with different size Ag nanoparticles.  
 
Particle size  
FWHH (nm) 
Maximum wavelength shift  
∆λmax (nm) Absorbance at λmax
19 24 ± 4 0.137 
34 21 ± 3 0.179 
55 12 ± 4 0.216 
72 10 ± 2 0.285 
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Discussion 
      Ideal biosensors should be extremely sensitive, highly selective, simple to fabricate, 
and easy to use. Moreover, they should operate with tiny sample volumes in a label free 
fashion with low background response. Surface plasmon resonance techniques have, at 
least in principle, many of these features, which would allow them to compare favorably 
with conventional labeling techniques such as fluorescence.136 In particular, T-LSPR 
should be easier to employ than reflectometry SPR because of its very simple setup. The 
combination of transmission mode detection, rapid metal nanoparticle fabrication, and 
surface passivation with a PEG-thiol appear to make this platform attractive. However, it 
is important to compare the advantages and drawbacks of the present design with 
previous biosensor platforms. 
For T-LSPR sensors, Au/Ag nanostructures are common choices. Among the 
several T-LSPR experiments based on Au/Ag nanoparticles reported previously, two 
general strategies were employed to fabricate nanoparticles arrays on substrates. First, 
nanoparticles can be made in solution with standard procedures and load to the substrate 
with specific linkage or non-specific adsorption. This strategy requires certain adhesion 
chemistry, which may complicate the sample preparation and affect the SPR properties 
of the nanoparticles.  Alternatively, the nanoparticles can be directly fabricated in situ on 
substrates. However, direct deposition usually offers less than ideal control of geometry 
and uniformity of the nanoparticles. Our current method combines the advantages of 
several methods, by fabricating the particles in situ with template. The size distribution 
of the resulting particles (Figure 3.3) is extremely narrow. In fact, it is one of most 
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uniform nanoparticles assembles reported in the literature. It should be pointed out that 
nanosphere lithography employs the same concept of the template deposition, and 
therefore the nanotriangle arrays made share the similar high uniformity. However, the 
surface coverage of the nanoparticles in typical nanosphere lithography ~10% is much 
lower than that of the current method, > 60%, and high-vacuum CVD device is needed.  
Our current procedure requires no special device and takes no more than 11 min. 
The detection limit is estimated to be ~5×10-14 M for stretropvion binding to the 
biotinated surface. (Figure 3.6) It is better than several systems previously reported 
where the same binding pair was tested.137-139 The detection limit, however, is directly 
related to the binding affinity that may vary in different systems.  To better evaluate our 
system, we estimate that protein coverage of 10% or less of saturation conditions can be 
detected with the 19 nm Ag nanoparticle array in the present setup.  Under those 
conditions there are roughly 109 metal nanoparticles in a 1 mm2 area and ~10 available 
biotin sites/particle. Because the biotin binding sites are fairly dilute under the present 
conditions, most binding events between biotin and streptavidin should be monovalent. 
For a 1 mm2 beam diameter in the UV-Vis, this technique would monitor ~109 
streptavidin molecules. 
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Conclusion 
A fast and convenient preparation method was developed to fabricate uniform 
metal nanoparticle arrays, which are superior platforms for label-free biosensing based 
on transmission localized surface plasmon resonance (T-LSPR). The nanoparticle arrays 
were fabricated through a combination of templating and photoreduction in a matter of a 
few minutes without any complicated instrumentation or sophisticated preparation 
procedures. A 24 nm wavelength shift in the LSPR was observed upon protein binding 
with surface modified thiol-linked ligand moieties. A detection limit in the low pM 
range could be achieved without any loss of sensitivity with this convenient and cheap 
rapid-prototyping method. Moreover, the LSPR sensitivity was found to be particle size 
dependent. 
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CHAPTER IV 
TEMPLATING WATER STAINS FOR NANOLITHOGRAPHY* 
 
 
Introduction 
Well-defined nanoscale features have received substantial interests from scientists 
and engineers because of their potential applications in photonics,7, 8 electronics,6 
material science,14 and biotechnology.1, 3, 5, 9, 10, 12 A variety of methods now exist to 
create nanoscale structures.29, 31, 44, 57, 140-143 For example, photolithography provides a 
top-down method for creating large areas of well-defined features.29 The capabilities of 
conventional photolithography are, however, typically restricted to the diffraction limit 
of light (>100 nm). On the other hand, electron-beam lithography is able to create 
features of nearly arbitrary two-dimensional geometry on a scale below 100 nm.31 
Despite its high resolution, e-beam lithography is time consuming when large arrays are 
required. Moreover, the process must take place at a dedicated facility in a vacuum 
environment with relatively expensive equipment. These restriction have motivated the 
search for alternative pathways to fabricating large areas of ordered patterns.47, 49, 144 
Irreversible solvent evaporation has recently been employed to create patterns via 
the dynamic self-assembly of nonvolatile dispersed solute particles.145-147 This technique 
has been used to make intricate patterns, but with random size, spacing, and periodicity.  
____________ 
*Reproduced with permission from “Templating Water Stains for Nanolithography” by 
Liao, W. S.; Chen, X.; Chen, J.; Cremer, P. S. Nano Letters, 2007, 7, 2452-2458.  
Copyright 2007 American Chemical Society. 
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Precise control over feature morphology has been very difficult to achieve because of 
instabilities in the evaporation process.148 On the other hand, concentric micron-size 
patterns can be formed through the solvent evaporation process using a sphere-on-flat 
geometry combined with repetitive stick-slip motion under the control of a motor.149-151 
These non-conventional patterning techniques provide an alternative route for 
fabricating large area features. Nevertheless, the use of the solvent evaporation process 
under well controlled conditions for nanoscale patterning is still a major challenge. 
Template-based techniques have provided a very easy and inexpensive way to 
fabricate nanoscale structures.45-56, 125 These techniques use nanospheres,46-49, 52-54 
nanoporous anodic aluminum oxide (AAO),45, 50, 56, 125 nanochannels,51, 57 or nanoholes55 
as templates. They can typically be combined with chemical vapor deposition,46-48 ion-
beam bombardment,45, 51, 54, 56 edge spreading,49 electrochemical deposition,50, 55 
selective wetting,52, 53 and photoreduction125 methods to fabricate nanoscale structures. 
Under precise template confinement, these techniques can easily fabricate large areas 
with minute features. We therefore reasoned that it might be possible to combine solvent 
evaporation with a templating approach to design a simple, yet powerful new nanoscale 
patterning technique.  
Herein we demonstrate the use of water stain lithography (WSL) to create large 
areas of twin features. Arrays of nanoscale double rings could be produced by localized 
solute accumulation during the solvent evaporation process, using self-assembled 
polystyrene spheres as templates. The double-ring structures could be formed in about 
90 min with very simple equipment. Line widths under 30 nm were achieved with this 
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method. The specific geometry of double-ring features could be precisely controlled by 
varying solution conditions during fabrication (Figure 4.1). This included the center-to-
center distance between double rings (D), the radii of the rings (r1 and r2), the gap size 
between concentric rings (d), and the width of the individual rings (w1 and w2). It was 
even possible to eliminate the presence of the outer ring. 
 
Experimental Section 
Our procedure for making hexagonally arrayed patterns of nanoscale double-rings 
is outlined in Figure 4.2. First, a thin layer of photoresist was spin-coated on top of a 
supporting substrate. Next, a polystyrene sphere suspension solution was introduced in a 
dropwise fashion on top of the polymer. The solution was an aqueous/organic mixture, 
which served to soften the photoresist surface.152 The whole chip was then allowed to 
dry under ambient conditions. After the solution evaporated from the surface, the 
polystyrene spheres were removed by sonication in pure water and the hexagonally 
arranged double-ring features remained impressed in the underlying film. The entire 
process could be completed within 90 minutes without any additional instruments. 
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Figure 4.1. Parameters for double-ring features. 
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Figure 4.2. Schematic diagram of the process for fabricating double-ring features. (A) 
Spin-coating a thin layer of polymer onto a substrate. (B) Polystyrene spheres are spread 
on top of the chip. (C) The chip is allowed to dry under ambient conditions. (D) The 
spheres are removed by sonication under water. 
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Results and Discussion 
Forming Double Rings 
To perform double-ring array patterning, a stock polymer solution of Shipley 1805 
(Microchem, MA) was diluted by Thinner P solution (Microchem, MA) to a 1:5 
volumetric ratio in a first step. Five drops of the solution were spread on top of a 1 in. × 
1 in. Au coated glass slide and spin-coated at 2000 rpm for 2 min. Following this, the 
polymer coated chip was baked at 90 ˚C for 1 min., ramped to 120 ˚C for another 1 min, 
and then allowed to cool to ambient temperature. This created a polymer layer with a 
thickness of ~100 nm on top of the substrate. The thickness was verified by measuring 
the depth of a scratch on the polymer surface with an atomic force microscopy (AFM). 
After the chip cooled to room temperature, a 10.0 µL solution containing suspended 
monodisperse polystyrene spheres (Duke Scientific, CA) was mixed with a 10.0 µL 
aqueous solution containing 20% acetone by volume. This final mixture (10% acetone 
by volume) was introduced dropwise onto the surface. Four particle sizes were employed: 
600 nm, 800 nm, 1 µm, and 2 µm.  
The solvent was allowed to completely evaporate under ambient conditions over the 
course of 1 hr. This should leave a monolayer of hexagonally close packed polystyrene 
spheres behind on the surface153, 154 and such packing was confirmed by AFM. At this 
point the polystyrene spheres were removed by bath sonication in deionized water for 5 
min. The samples were dried and then imaged by AFM (Figure 4.3). As can be seen in 
these 5 µm × 5 µm images, well defined double-ring features were obtained with high 
resolution. The features formed hexagonal arrays with a characteristic lattice spacing of  
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Figure 4.3. 5 µm × 5 µm AFM images of double-ring features fabricated by applying 
polystyrene spheres of varying diameters: (A) 2 µm (B) 1 µm (C) 800 nm (D) 600 nm. 
Scale bars: 1 µm. 
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(A) 2 µm, (B) 1 µm, (C) 800 nm, and (D) 600 nm, which corresponded exactly to the 
size of the polystyrene spheres from which they were templated. The diameters of the 
double ring features, however, were significantly smaller. For example, for the 800 nm 
lattice spacing (Figure 3C), the inner (Dinner) and outer (Douter) ring diameters were 217 
nm and 309 nm, respectively. The inner and outer rings, therefore, had an aspect ratio of 
~0.27 and ~0.39 with respect to the 800 nm template sphere. The gap between the two 
rings was 48 nm and the thickness of each ring was 33 nm. Interestingly, the aspect ratio 
between the ring diameters and the template sphere diameter remained unchanged within 
experimental error for all sphere sizes. The average aspect ratio obtained at all sizes was 
of 0.28 ± 0.03 for the inner ring and 0.41 ± 0.03 for the outer ring. Therefore, the ratio of 
the diameters for the outer and the inner ring must also remain constant (Douter/Dinner 
~1.46) and both rings should be regarded as replicas of the template spheres. 
The quality of the double ring patterns remained high over macroscopic dimensions 
(~1 cm2). This lithographic technique, however, is subject to the same types of defects 
found in all assays which employ monolayer arrays of hexagonally packed spherical 
particles. Namely, missing features are occasionally observed as well as line defects.73 
The domain size for well-ordered double ring arrays in the present experiments were 
approximately 25 µm × 25 µm. It is, however, difficult to discern individual double ring 
features from images with wide fields of view because of the narrow width of individual 
rings as well as the small gap between them. The details of individual double rings can 
still, however, be made out in 10 µm × 10 µm images when the template sphere 
diameters are 1 µm or larger (Figure 4.4). 
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Figure 4.4. 10 µm × 10 µm AFM image of double-ring features fabricated by applying 1 
µm polystyrene spheres. Scale bar: 2 µm. 
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Controlling the Gap 
The gap, d, between the two concentric rings could be fine-tuned by adjusting the 
acetone concentration in the polystyrene sphere suspension solution. Figure 4.5 shows a 
series of 2 µm × 2 µm AFM images as the concentration of acetone is increased stepwise 
from 0 to 30% by volume. In this case the size of the template spheres was fixed at 800 
nm. The height of the outer and inner rings increased substantially with acetone 
concentration. Moreover, the width of the inner ring also expanded, while the position of 
the outer ring showed less dramatic changes. This meant the gap between the inner and 
outer ring shank with increasing acetone concentration. Without acetone, the interval 
between rings was 94 nm, as shown in Figure 4.5A. As the acetone concentration 
increased, this distance narrowed to 48 nm for 10% acetone and to 38 nm for 20% 
acetone. At 30% acetone, the inner and outer rings nearly merged together, which left a 
single ring with a thicker width as shown in Figure 4.5D. The hexagonal geometry of the 
double rings, however, remained unaffected. This was expected since the array spacing 
was inherited from the hexagonal packing of the template sphere, which was unaffected 
by acetone concentration. 
 
Forming Single-Ring Features 
A critical aspect of forming double-ring features involves the use of hydrophobic 
template spheres. If hydrophilic silica spheres were used instead, then only single rings 
were formed. Figure 4.6 shows a side-by-side comparison of results for 1 µm spherical 
templates of polystyrene and silica. Both samples were made from solutions containing  
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Figure 4.5. A series of 2 µm × 2 µm AFM images showing the effect of acetone 
concentration on double rings formed from 800 nm polystyrene spheres with (A) 0 %, (B) 
10 %, (C) 20 %, and (D) 30 % acetone by volume. Scale bars: 500 nm. 
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Figure 4.6. 2 µm × 2 µm AFM images of polymer features fabricated by (A) 1 µm 
polystyrene, and (B) 1 µm silica spheres. Scale bar: 500 nm. 
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10% acetone by volume. A double-ring array was formed from the polystyrene spheres, 
but silica spheres yielded single-ring features. Significantly, the diameters of the single 
rings matched those of the inner ring from polystyrene. It should be noted that we also 
tried different substrate materials such as SU-8 and polyethylmethacrylate instead of 
Shipley 1805. In each case, double-ring features were obtained when using polystyrene 
spheres, but single rings were formed when silica spheres were employed.  
 
Mechanism for Double Ring Formation 
The data in Figures 4.3, 4.5, & 4.6 suggest that the inner and outer rings of 
individual double-rings were produced by two different mechanisms. A schematic 
representation of our proposed ring formation mechanism with polystyrene spheres is 
shown in Figure 4.7A. Under this model the use of a dilute acetone solution leads at first 
to slight amount of material being dissolved from the spin-coated Shipley 1805 layer. As 
the solvent evaporates the acetone/water solution becomes saturated with polymer. The 
last stage of evaporation leads to polymer precipitation back onto the substrate. The 
precipitation is localized to the region around the base of the polystyrene spheres 
because this is the last location from which solvent evaporates. Such a process should 
form the outer ring in a manner analogous to the phenomenon by which coffee becomes 
enriched at the outer edge of a coffee stain.145-147 
By contrast, the inner ring is most likely the result of a surface tension effect. This 
idea is consistent with the observation that the inner edge of the inner ring outlines a 
segment of a circle which has a diameter corresponding exactly to that of the template  
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Figure 4.7. (A) Schematic diagram of the putative final step of the templated evaporation 
process with polystyrene spheres. (B) AFM image and line profile of one double-ring 
feature fabricated by a 1 µm polystyrene sphere. The dashed yellow line is an overlay of 
the outline of a 1 µm sphere on the line profile. (C) The putative final step of the 
template evaporation process with silica spheres. 
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spheres (Figure 4.7B).  Therefore, the inner ring appears to be formed when acetone 
softens the photoresist layer and allows the polymer sphere to partially mold around it. 
This presumably occurs because it lowers the surface energy at the solvent/substrate 
interface. 
The effect of acetone concentration provides corroborating evidence for the 
proposed double-ring formation mechanism. Acetone is a better solvent for Shipley 1805 
than water. Therefore, more material should dissolve into solution as the acetone 
concentration is increased. Consequently, more material precipitates from solution upon 
solvent evaporation.  This causes an increase in mass to be found at outer ring.  The 
higher acetone concentration also leads to a greater softening of the photoresist layer. 
This in turn causes the polystyrene spheres to mold more deeply into the spin-coated 
film.  Both of these effects cause increases in feature height and the deeper embedding 
of the spheres leads to a shrinking of the gap between the rings as can be seen from the 
line profiles in Figure 4.5. 
Both the polystyrene spheres and the underlying photoresist substrate were 
hydrophobic. This should cause a liquid toroid to form uniformly around the base of the 
sphere during the last step of solvent evaporation (Figure 4.7A). However, when silica 
was employed instead, the final stage of the drying process should be markedly different. 
In this case, the remaining liquid should preferentially coat the silica spheres and avoid 
the hydrophobic substrate (Figure 4.7C). Under these circumstances, the photoresist 
precipitated out onto the spheres. Once the spheres were sonicated away, the material 
left on the surface would be expected to shadow its original dimensions.  
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Forming Gold Double Rings 
Polymeric double-ring arrays could be employed as templates to create 
corresponding features in an underlying metal film. As a demonstration, we transferred 
double-ring features to a gold layer. The idea is shown schematically in Figure 4.8A. 
First, double-ring features were fabricated in photoresist on top of a Au film. For this 
purpose, a 20 nm Au layer was evaporated onto a 3 nm thick Cr layer coated onto a glass 
substrate (BOC Edwards Auto 306 Metal Evaporation Chamber). A 1:20 dilution of 
Shipley 1805 photoresist was coated onto the surface to a thickness of 20 nm and 1 µm 
polystyrene spheres were used as the evaporation templates. The solvent was pure water. 
After the formation of the polymeric features, the chip was dried and placed into a 
25 W oxygen plasma for 32 sec with 0.2 Torr O2. This should uniformly remove the 
outer most layers of photoresist. In fact, photoresist should only remain in raised 
locations where templating had taken place. At this point the chip was immersed into a 
1:200 (volumetric) diluted aqueous Au etching solution (NaI/I2) for 40 sec to conduct a 
wet chemical etch. Finally, the chip was washed with copious amounts of deionized 
water and acetone to remove the photoresist. This procedure should leave only gold 
rings on the surface. In fact, AFM imaging revealed a hexagonal array of double rings on 
the surface (Figure 4.8B). The width of each ring was 29 nm. The outer ring had a 
diameter of 384 nm, while the inner ring diameter was 238 nm. The spacing between 
concentric rings was 73 nm and the adjacent ring distance was 1 µm. 
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Figure 4.8. (A) Schematic diagram of Au double-ring formation. (B) 5 µm × 5 µm AFM 
image of hexagonally arrayed Au double rings fabricated from 1 µm polystyrene spheres. 
Scale bar: 1 µm. 
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Conclusion  
We have demonstrated a simple patterning technique, water stain lithography, to 
fabricate well-ordered nanoscale single and double-ring features in photoresist and Au. 
The ring size and spacing could be controlled by tuning the size of the template spheres 
and adjusting the acetone concentration in solution. This technique provides the 
possibility to fabricate large arrays of patterned features in a highly reproducible fashion 
with line widths well below 100 nm. Although spherical templates were used in these 
experiments, other shapes such as elongated nanorods should also be possible. 
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CHAPTER V 
EVAPORATIVE TEMPLATING IN CONFINED GEOMETRIES 
 
 
Introduction 
Irreversible solvent evaporation has recently received interests from scientists and 
engineers because of its potential applications in fabricating useful features. These 
features could be successfully applied to electronics, photonics, and biotechnology 
related fields.1, 3, 5, 6, 8-10, 14, 155 The non-conventional patterning phenomena provide an 
alternative route for fabricating large area features in a simple and inexpensive way. This 
straightforward process has been employed to create patterns of nonvolatile dispersed 
solute particles via the dynamic self-assembling.145-147 However, the lack of precise 
control over size, spacing, and periodicity of the patterns created restricts its potential 
applications. These limitations could be due to instabilities in the evaporation process.148 
Recently, the use of a solvent evaporation process has been successfully demonstrated in 
fabricating micron-scale features via mechanical methods.149-151, 156 In the mean time, 
utilizing this evaporation phenomena and a different fabricating procedure we have 
successfully produced nano-scale patterns with relatively precise control over size, 
spacing, and periodicity for the first time.157 
Water stain lithography (WSL) combines the features of template confinement and 
the irreversible evaporation process. This process allows the creation of large areas with 
single or twin minute geometries of confined water stains. The strategy of preparing 
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nanoring-like structural arrays is shortly described as follows. A layer of polymer was 
first spun on top of a solid substrate, as shown in Figure 5.1. After this, a monodispersed 
sphere suspension solution, which was premixed with a surfactant solution, was 
introduced dropwise onto the surface. The solvent was then allowed to evaporate 
completely. Following this, the template spheres were removed by bath sonication in 
deionized water. The nanoring-like feature arrays patterned on the surface were then 
dried by N2. The whole process could be accomplished within about 90 min with very 
simple equipment and under ambient conditions. Feature line-widths of <30 nm were 
easily achieved with this method. Furthermore, the specific geometry of double-ring 
features could also be precisely controlled by varying experiment conditions during 
fabrication. 
Although the uses of this technique have been successfully demonstrated, 
systematic studies of confining water stains in nano-scale have not been sufficiently 
investigated. In this paper, we present a more detailed analysis of the water stain 
confinement strategy. We found that both the existence of surfactant in the working 
solution and the relative humidity played an important role in controlling the feature 
formation. Furthermore, a diversity of nano-size geometries could all be easily prepared 
by manipulating these parameters. Nanosingle rings, nanodouble rings, nanotriple rings, 
nanotargets, and nanoholes could all be simply fabricated. In addition, a <15 nm line-
width was achieved by moderately adjusting experiment conditions. 
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Figure 5.1. Schematic diagram of the double-ring features fabrication. (A) Polystyrene 
spheres are spread on top of a polymer spun-coated substrate. (B) The last stage of 
drying process on the surface. (C) The double-ring features were formed surrounding the 
template spheres when the solvent was gone. 
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Experimental Section 
In these experiments, a glass slide coated with 50 nm Au was chosen as the 
substrate. The substrate was then spun-coated with Shipley 1805 polymer producing a 20 
nm thick layer. The templating polystyrene spheres (Duke Scientific, CA) were first 
pretreated by repeated washing, sonication, and centrifugation in deionized water (10 
times) to remove existing surfactant from the suspension solution. (Note: The original 
existing surfactant in the sphere suspension solution may affect the result.) After the 
cleaning procedure, a 10.0 µL solution containing suspended monodispersed polystyrene 
spheres was mixed with a 10.0 µL aqueous solution containing a certain concentration of 
the selected surfactant. This solution was then gently spread onto the substrate dropwise, 
and the whole slide was allowed to dry in a closed system which was maintained at a 
specific relative humidity. After the substrate dried, the whole slide was placed into a 
water bath to sonicate off the template spheres, and then dried by N2. 
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Results 
Inside a drying droplet, the existence of internal capillary flow moves the solute to 
stack at the edge of the droplet and thus cause the characteristic ring shaped coffee 
stain.145 In order to precisely confine the resulting staining process in nano-scale, highly 
uniform templates were utilized. In addition, a surface dissolving solvent was applied to 
partially dissolve the polymer surface which provided the ring stain material. In this 
section the effects of surfactants and environmental relative humidity on the confinement 
of water stains will be demonstrated. 
The Existence of Surfactants 
Figure 5.2 demonstrated the use of surfactant in water stain confinement for nano-
ringlike structure formation. It is important to note that several interesting features such 
as small single rings, large gap double rings, small gap double rings, large single rings, 
nanotargets, and nanoholes could all be produced by simply tuning the surfactant content 
in solution. In order to make accurate comparisons, only the surfactant concentrations 
were varied while all the experiment conditions and sample preparation methods (e.g. 
relative humidity, substrate, sphere size, etc.) were kept the same as described in 
experimental section.  
In this segment of experiments the surfactant Triton XQS-20 (Sigma-Aldrich, MO) 
was added in varying concentrations (by mass) and the relative humidity was fixed at ~ 
60%. As can be seen in Figure 5.2A, a very low concentration of surfactant (0.001%) 
would only cause the formation of small single-ring features. As the surfactant 
concentration was elevated to 0.0015% the double-ring features began to appear, Figure  
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Figure 5.2. The influences of surfactant content in nanoring-like feature formation. 5 µm 
× 5 µm AFM images showing features fabricated by applying 1 µm polystyrene spheres 
containing different concentration of Triton XQS-20 surfactant: (A) 0.001 % (B) 0.0015 
% (C) 0.002 % (D) 0.003 % (E) 0.004 % (F) 0.006 %. All experiments were maintained 
in a ~60 % relative humidity. Images are at the same height scale. Scale bars: 1 µm. 
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5.2B. By increasing the surfactant concentration further (0.002-0.003%), the gap (d) 
between two concentric rings would shrink and the two rings would eventually merge 
into larger single rings, Figure 5.2C-5.2D. By elevating the concentration of surfactant to 
0.004% nanotarget features could be formed, Figure 5.2E. Finally, nanohole features 
were produced by using a surfactant concentration of 0.006%, Figure 5.2F. A detailed 
discussion of the mechanism believed to be responsible for the production of these 
features will be presented later. 
We have also independently tested different types of commonly used surfactants, 
results summarized in Table 5.1. It is important to know that many kinds of surfactants 
were suitable for making double-ring-like features. Independently, different surfactants 
have different abilities to dissolve the polymer surface. Each surfactant demonstrated its 
own optimum working range of both concentration and relative humidity for double-
ring-like feature formation. In addition to surfactants with complex structures, we also 
examined a surfactant with relatively a simpler structure, sodium docusate, regularly 
used as stool softer. It was observed that even a simple structure surfactant worked with 
this technique. Finally, we also tested common hand-washing soap that also contained 
certain mixtures of industrial surfactants. Double-ring features were produced by the 
hand-washing soap as well. These results provide the evidence that this nano-scale 
patterning technique could be performed with inexpensive reagents. 
It is interesting to note that the gel-like surfactants would simply cause the 
formation of double-ring features. However the salt-like surfactants, such as sodium 
dodecyl sulfate (SDS) and sodium ethyl sulfate (SES), were not suitable to form these 
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features. The salt-like surfactants would crystallize on the surface during solvent 
evaporation. This crystallization of surfactants interrupts the final solute precipitation 
process preventing the formation of the double-ring features.  
 
 
Table 5.1. Different types of surfactants tested for double-ring feature formation. 
1. Dial is a trade make of The Dial Corporation. 
Surfactant Surfactant Type Double-ring formation
Tween 20 Polyoxyethylenesorbitan 
monolaurate 
Yes 
Triton X-100 Octylphenol ethoxylate Yes 
Triton X-200 Polyether sulfonate Yes 
Triton XQS-20 Phosphate polyether ester Yes 
Triton QS-15 Polyether sulfate Yes 
Triton QS-44 Polyether phosphate ester Yes 
Sodium Docusate  Sulfosuccinate Yes 
Dial Soap1 Mixture Yes 
SDS Sodium Dodecyl Sulfate No 
SES Sodium Ethyl Sulfate No 
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The Influence of Relative Humidity 
Inside a drying droplet, the evaporation speed occurring at the edge dominates the 
whole drying process.145-147 The control of solvent evaporation rate in the droplet plays 
an important role in feature formation. By controlling relative humidity in the sample 
environment one can cause alteration of the droplet evaporation speed, and thus a 
systematic study of the effect of humidity on feature fabrication was performed. An 
interesting relationship was observed between feature formation and relative humidity, 
Figure 5.3. 
The experiment conditions and sample preparation methods were kept consistent 
while only the relative humidity parameter was fluctuated. In this series of experiments 
0.002% Triton XQS-20 was utilized. Figure 5.3A-5.3D demonstrates the difference in 
fabricated features produced under various relative humidities. This study revealed that 
only single-ring features would form when the relative humidity was <40%. As the 
humidity was increased, double-ring features were formed. The mechanism by which 
relative humidity impacts feature formation will be discussed in a later section. 
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Figure 5.3. 5 µm × 5 µm AFM images showing the influences of relative humidity in 
feature formation: (A) 20 % (B) 40% (C) 60 % (D) 80 %. All experiments were 
accomplished by 1 µm polystyrene spheres with 0.002 % of Triton XQS-20 surfactant. 
Images are at the same height scale. Scale bars: 1 µm. 
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Features at Very High Humidity 
When the relative humidity was maintained at a very high level (~90%), a similar 
trend in feature morphology was produced as in the lower humidity systems (~60%), 
Figure 5.4. As previously observed, the features changed from small single rings to 
double rings, and finally to large merged single rings via higher surfactant content. 
However, a novel morphology appeared when 0.001% Triton XQS-20 was used in a 
90% relative humidity atmosphere. These unique conditions produced a triple-ring 
feature as shown in Figure 5.5. 
 
Real-time Observation of Double Ring Formation 
In order to capture the double-ring feature formation process, we designed a real-
time experiment under a standard optical microscope. In order to observe the progression 
of this process on the surface, a transparent glass slide coated with ~ 200 nm Shipley 
1805 polymer was chosen as the supporting substrate. A 20.0 µL aqueous solution 
containing monodispersed 50 µm polystyrene spheres and 0.02 % Triton XQS-20 
surfactant was then spread onto the substrate. This system was evaporated in a ~98 % 
relative humidity environment. This drying process was monitored from the backside of 
the substrate by a standard inverted epifluorescence microscope. (Eclipse TE2000-U, 
Nikon; Sensys CCD, Princeton Instruments, NJ) Since the Shipley 1805 polymer was a 
fluorescent material, the surface substance movement could be simply monitored by this 
fluorescence microscope setup. 
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Figure 5.4. The influences of surfactant content in nanoring-like feature formation. 5 µm 
× 5 µm AFM images showing features fabricated by applying 1 µm polystyrene spheres 
containing different concentration of Triton XQS-20 surfactant: (A) 0.0005 % (B) 
0.0025 % (C) 0.005 % (D) 0.01 %. All experiments were maintained in a ~90 % relative 
humidity. Images are at the same height scale. Scale bars: 1 µm. 
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Figure 5.5. (A) 5 µm × 5 µm AFM image showing triple-ring feature array fabricated by 
1 µm polystyrene spheres with 0.001% Triton XQS-20 surfactant at 90 % relative 
humidity condition. Scale bar: 1 µm. (B) A zoom-in AFM image of a triple-ring feature. 
(C) Schematic demonstration of the formation of triple rings. 
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Figure 5.6 demonstrates the real-time gradual drying process of the polymer surface. 
The right column contains schematic representations of the actions occurring at the 
surface for each respective row of images. Since the relative humidity was maintained at 
a very high level, the solvent evaporation occurred very slowly. Figure 5.6A was a 
fluorescence image captured after 14 hours and 52 min of drying. The hexagonal close 
packing of the polystyrene spheres has been maintained at this moment, indicated by the 
dark regions in the picture. The brighter parts of this image represent the remaining 
solution filled spaces. Figure 5.6B shows the surface morphology present 3 min after 
Figure 5.6A. The drying liquid caused the contrast change in the brighter solution filled 
spaces due to light refraction. Simultaneously, small single-ring features began forming 
at the inner ring position below the template spheres. After 5 more minutes, continuing 
evaporation  induced contraction of surface liquid, as seen in the right and left corners of  
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Figure 5.6C. In the following 2 minutes, Figure 5.6D-5.6E, the remaining solution began 
accumulating around the outer boundaries of each spherical pattern. An interesting 
observation was that the remaining water bridges between adjacent spheres caused the 
formation of parallel double lines. It is important to note that the surface features 
discussed thus far in this figure are nearly saturated liquids and not solidified patterns. 
As evaporation proceeded, the liquid regions continued to recede towards the template 
spheres, Figure 5.6F. The parallel double lines merged into single lines between the 
spheres. As the remaining solution became saturated material started to precipitate back 
to the surface, leading to the production of the double-ring features. Upon complete 
evaporation, the water bridge lines broke and solidified double-ring features were 
formed, as shown in Figures 5.6G-5.6H. The time lapse images of this process, shown in 
Figure 5.6, were taken from a movie available in the supporting material.  
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Figure 5.6. Fluorescence images showing double-ring feature formation process at 
different time scale after starting drying: (A) 14 hours 52 min (B) 14 hours 55 min (C) 
15 hours (D) 15 hours 1 min (E) 15 hours 2 min (F) 15 hours 9 min (G) 15 hours 22 min 
(H) 15 hours 52 min. The right column demonstrated the corresponding surface 
situations, independently. The experiment was performed by applying 50 µm 
polystyrene spheres with 0.02 % of Triton XQS-20 surfactant at ~98 % relative humidity. 
Scale bar: 50 µm. 
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Discussion 
Confining Water Stains in Nano-Scale 
Our experimental results indicate several important factors dominating the 
confinement of water stain geometries. Existence of surfactant, surfactant type and 
amount, and environmental relative humidity are all major coefficients of confining 
water stains in nano-scale. 
In the double-ring features, the inner and outer rings of individual double-rings 
were produced by two different mechanisms.157 It has been shown that an increase in 
surfactant concentration increases the amount of surface polymer layer dissolved. As 
solvent evaporated, the solution became saturated and polymer precipitated back onto 
the surface. The polystyrene sphere template positions were the last place where the 
remaining solution localized. The following precipitation was thus restricted to those 
regions. The schematic representation of our proposed ring formation mechanism was 
shown in Figure 5.1B. The polystyrene spheres and the underlying polymer substrate 
were both hydrophobic. This led to a liquid toroid forming around the base of the sphere 
during the last moments of solvent evaporation. Consequently, solute would stack at the 
outer edge of this liquid toroid once precipitation began, producing the outer rings of the 
double-ring features. 
On the other hand, the production of the inner ring is believed to be dominated by 
surface tension effects. It was observed that the inner edge of the inner ring exactly 
corresponds to the template sphere’s arc.157 Therefore, the inner ring features could be 
treated as a print of the templating spheres on polymer surface. It is believed that when 
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surfactant softened the polymer layer, the template sphere sank into the polymer 
producing a mold around it which gives rise to the inner ring. 152, 157  
The formation of a toroidal liquid region in this process, via the use of a 
hydrophobic template, would lower the surface energy at the solvent/substrate interface. 
On the contrary, the final stage of the drying process should be markedly different when 
hydrophilic templates are employed instead. The remaining liquid should preferentially 
coat the hydrophilic spheres to avoid the hydrophobic substrate.157 This caused the 
polymer to precipitate out onto the sphere’s surface, and the material left on the substrate 
surface would be expected to silhouette its original dimensions. This led to the formation 
of only single-ring features when surfactant was applied to the system with silica spheres 
at any relative humidity. 
 
The Role of Surfactant 
Since the surfactant has the ability to dissolve the polymer surface, the existence of 
surfactants in the system would dominate the geometric parameters in water stain 
confinement. The major role of the surfactant was the ability to bring the surface 
material into solution. The ability of surfactant to dissolve the polymer surface led to the 
surface molding and water staining effect. As presented in the previous section, Figure 
5.2 and Table 5.1, various amounts and types of surfactants successfully produced well 
confined water stain features.  
The formation of double-ringlike features was believed to form by two major 
mechanisms. The inner ring was mainly caused by the surface tension effect. The outer 
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ring was formed by coffee stain effect instead. Both phenomena were based on the 
partial dissolving of the polymer surface. As a control concentrated surfactant alone was 
shown to easily dissolve the polymer surface, results not shown. Since surfactant can 
soften and dissolve the polymer surface, the inner rings formed first during the drying 
process underneath the template spheres as they slightly mold into the surface. When 
surfactant concentration was low (0.001%), only a little material was dissolved from the 
polymer surface, Figure 5.2A. The dissolved material was not rich enough to form 
obvious outer ring features when precipitated. This caused the single rings produced to 
resemble the inner rings of the double-ring features. When higher surfactant 
concentration was utilized (0.0015%), outer rings could be easily observed as well, 
Figure 5.2B. This was because the remaining toroid liquid, commonly formed between 
the hydrophobic template and the surface, contained a sufficient amount of dissolved 
material to form a clearly visible coffee stain edge upon evaporation.145, 157 When the 
surfactant content was elevated to 0.002%, Figure 5.2C, the change of the inner ring’s 
diameter became increasingly obvious while the outer ring experienced insignificant 
change, which therefore shrunk the gap, d, between the two concentric rings. In addition, 
the thickness and height of the walls were also substantially enhanced. When the 
surfactant concentration reached 0.003%, there was an increase in the amount of 
dissolved polymer deposited on both the inner and outer rings.  This concentration of 
surfactant also caused the template spheres to sink further into the polymer. The synergy 
of these phenomena are believed to cause the merging of the two rings, forming a thicker 
single ring, as shown in Figure 5.2D.  
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The formation of the nanotargets at a surfactant concentration of 0.004% is believed 
to occur by the disintegration of the polymer regions immediately surrounding the 
template spheres during the sonication step. The precipitating material stacking on the 
surface is believed to consist of both polymer and surfactant, which decreases the 
structural integrity of this stacked region. The decrease in structural integrity allows this 
region to delaminate from the surface when exposed to water bath sonication. However, 
the contacting point between the sphere and polymer surface was protected from this 
phenomenon. After sonication the disk left behind in the center of the trench feature 
produced the nanotarget feature shown in Figure 5.2E. Finally, at a surfactant 
concentration of 0.006% the protection provided by the contact point diminishes, which 
allows for the dissolving of the regions centered below the template spheres. 
Consequently, a nanohole feature was left on the surface, Figure 5.2F.  
An important role of surfactant in the drying process was its edge pinning ability.158, 
159 This edge pinning effect is most commonly seen in the structure of coffee stains on 
surfaces.146, 147 In our system, we believe the existence of surfactant helped to pin down 
the remaining liquid edge which maintained a lower contact angle for the remaining 
liquid. This effect oriented the stacking of precipitating materials toward the fixed 
droplet edge and thus formed the outer-ring features.  
Surfactant protection on the droplet surface should theoretically slower the 
evaporation rate in a droplet.160, 161 However, the inverse was observed. When two 
droplets maintaining the same total volume were spread on the surface over the same 
initial area, faster evaporation was observed in the drop containing the higher 
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concentration of surfactant.159, 162, 163  After 30 minutes of evaporation under ambient 
conditions, the higher surfactant system displayed a smaller droplet contact angle and a 
more flat droplet shape.159, 160, 163, 164 In addition the edge remained pinned to its original 
position. On the other hand, the system with less surfactant kept a higher contact angle 
and the droplet edge retracted on the hydrophobic surface. The system with the higher 
surfactant content also became completely dry the fastest, probably due to the increased 
evaporative surface area. This observation supported the pinning effect caused by 
surfactants, and was consistent with the outer ring formation in the double-ring feature.  
 
Influence of Relative Humidity 
Another important factor in controlling water stain formation was the relative 
humidity of the working environment. As previously mentioned, the remaining surface 
liquid would form a toroidal shape to reduce the surface tension when hydrophobic 
templates were applied. It was observed only single-ring features would form when the 
relative humidity was kept <40%, Figure 5.3A-5.3B. This is because evaporation rates 
are inversely proportional to environmental relative humidity. The accelerated 
evaporation does not allow time for the dissolved species to precipitate out before the 
remaining liquid’s edge has retreated to the position of the inner ring.  Thus the outer 
ring is virtually unobservable under these conditions and only an inner ring is observed. 
On the other hand, when higher humidity conditions (~60-80%) were applied, 
evaporation was slow enough to allow the dissolved species to precipitate out at the 
liquid’s periphery producing the double-ring features, Figure 5.3C-5.3D.  
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It is also important to note that the relative humidity would also alter the ring 
diameters, feature heights, and ring wall thickness. This was again related to the 
extended duration of evaporation. These three parameters are produced from the 
deposition of dissolved materials. An increase in evaporation time allows more material 
to be dissolved into solution and permits more deposition to occur in the designated 
regions. Also the extended evaporation time enables the template spheres to sink further 
into the softened polymer surface causing the enlargement of both inner and outer rings. 
In addition, the wall thickness and heights were also increased by these phenomena.  
 
The Spontaneous-Stick-Slip Forms Triple Rings at Very High Humidity 
As demonstrated in Figure 5.5, interesting triple-ring geometry could be fabricated 
by selecting appropriate experimental conditions. This geometry is only presented at the 
surfactant concentrations between ~0.001-0.002% while in an environment with a 
relative humidity of ~90% or higher. A schematic of the triple-ring feature formation is 
shown in Figure 5.5C. As can be seen, the hydrophobic template and polymer surface 
would restrict the remaining liquid to form toroid shape surrounding the templates. The 
coffee stain effect and surface tension would cause the formation of double-ring features 
as previously discussed. However, as solutes deposit at the outer edge the concentration 
of surfactant remaining in solution decreases which increases the contact angle of the 
droplet on the surface. At this point, a stick-slip process would occur, and the boundary 
would shrink to a smaller concentric edge.150, 151 The process of solute deposition begins 
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again at the new edge producing an intermediate ring by the same phenomena that 
produced the outer ring.  
It should be noted that if the surfactant concentration was too high, only smaller gap 
double rings would be formed. This was consistent with the observed relationship 
between surfactant concentration and evaporation rate, as discussed in previous section 
and Figure 5.7. The spontaneous-stick-slip phenomenon would only happen when the 
whole process was slow down, i.e. less surfactant content and higher humidity 
conditions. The narrower linewidth (~15nm) of the observed triple rings can be 
attributed to the lower surfactant content condition because this would reduce the 
amount of dissolved material available for deposition in the three regions. 
 This unique stick-slip process was reported in fabricating microscale features in a 
mechanical way.150, 151 Herein is the first demonstration of applying this phenomenon to 
a nano-scale confinement with a ~15 nm linewidth capability via a spontaneous-stick-
slip process. This implied the possibility of controlling water stains in patterning sub-30 
nm features in a very simple manner, which was difficult to reach by commonly used 
techniques, e.g. photolithography. 
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Figure 5.7. Schematic diagrams showing the difference between droplets containing 
different concentration of surfactants on a hydrophobic surface after a period of drying 
in a same condition. (A) Higher surfactant concentration droplet. (B) Lower surfactant 
concentration droplet. 
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Forming Diverse Geometries 
By precisely controlling surfactant content and relative humidity conditions, a 
variety of features could be prepared by this technique. The effect of these parameters on 
the features produced was plotted as a feature diagram, Figure 5.8. As can be seen, only 
small single-ring features would form when the surfactant concentration and relative 
humidity were maintained at low levels (Region I). When these two factors were 
moderately adjusted, the feature formation became diverse. As demonstrated, double-
ring features were easily observed in the region of higher relative humidity and moderate 
surfactant content (Region II). Interestingly, a triple-ring sub-region exists when very 
high humidity was applied and the surfactant content was relatively low (Region III). 
Once the surfactant content was high enough, the double rings would merge to form 
large single rings, which were demonstrated as the double-ring feature region boundary 
in Figure 5.8. If higher surfactant concentration was applied, a nanohole feature region 
would dominate at all humidity conditions (Region V). Intermediately, a nanotarget 
region would exist between the hole and single ring feature regions in the lower 
humidity area (Region IV).  
 
 
 
 
 
 
 89
 
Figure 5.8. Feature diagram of diverse geometries. Region I: Single-ring feature. Region 
II: Double-ring feature. Region III: Triple-ring feature. Region IV : Nanotarget feature. 
Region V: Nanohole feature. 
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Conclusion  
In this study, we have discussed the dominating factors in confining water stains in 
nano-scale water stain lithography. The concentration of surfactant, kinds of surfactant, 
relative humidity, and physical properties of template materials all determine the 
corresponding feature formation. By selecting appropriate experimental conditions, 
feature geometries were fabricated with a line width of ~15 nm without expensive 
equipment or sophisticated preparation procedures. A real-time observation of the 
feature formation process was demonstrated for the first time, providing valuable insight 
into these types of processes. This technique allows for a diversity of nano-scale features 
to be prepared easily which could be utilized for a diversity of plasmonic devices as well 
as electronic and biotechnical applications.  
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CHAPTER VI 
EVAPORATIVE TEMPLATING FOR BENCH-TOP NANOHOLE FABRICATION 
 
 
Introduction 
Irreversible evaporation has drawn attention from scientists and engineers 
because of its potential applications in fabricating useful features for electronics, 
material science, photonic devices, and biotechnology.6, 8, 14, 21, 30, 145-148, 165 This non-
conventional patterning phenomenon provides an alternative route for fabricating large 
area uniform features in a much economical and simple way.149-151, 156, 157 Recently, we 
have demonstrated an evaporative templating technique which achieved a feature 
resolution well below 30 nm using this process.157 The basic concept of the evaporative 
templating technique is to localize the drying liquid evaporation process and thereby 
forcing the staining process to happen at specific positions. A variety of nanoscale 
features with superior resolutions could be easily achieved by this method.166 
Furthermore, nanoscale features comprising diverse materials could also be prepared in a 
very convenient way through this technique.167  
Sub-wavelength nano structures have a wide variety of interesting properties and 
presents useful applications in chemistry, physics, biotechnology, and optics.77-79, 168-172 
One of the exciting observations was the strongly enhanced transmission of light through 
metallic nanohole array thin films.173-179 When a thin metal film containing periodic sub-
wavelength holes is irradiated by the light, an extraordinary transmission phenomenon 
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was observed.173 This is because under proper conditions, the metallic periodic 
nanostructures can provide the necessary momentum conservation for a coupling process 
between the incident electromagnetic wave and the surface plasmons on the metal 
surface. This coupling process therefore converts the light into surface plasmons and 
gives rise to the transmission peaks observed in a metallic periodic array.168, 173-178, 180-182 
Because the spectral properties of these metallic periodic nanohole arrays could be well 
tuned through simply adjusting the geometrical parameters, this interesting phenomenon 
promises a varieties of possible applications in many fields, such as chemical and 
biological sensing, optoelectronics, optical filters, and useful plasmonic devices.77-80, 165, 
170-172, 174, 183-185 
Periodic nanohole arrays can be fabricated by electron/ion beam lithography, 173, 
174, 177, 178, 185-189 soft lithography, 165, 170, 181, 190 and colloidal chemistry methods. 191, 192 
These techniques, however, either require expensive equipment, or complicated and time 
consuming preparation processes. In addition, the prototyping of platforms with varying 
holes diameter and spacings (periodicity) for the examination of optical properties is 
cumbersome at best. Although the unique transmission properties of nanohole arrays 
have been demonstrated to be amenable for plasmonic devices, 165, 170-172, 183-185, 187, 190 a 
robust and simple fabrication technique regarding tunable spectral range would be highly 
desirable. 
In this study, we demonstrated that a bench-top technique provides a simple route 
for quickly fabricating such periodic nanohole arrays, under ambient conditions, and 
without expensive equipment or sophisticated preparation processes. The geometrical 
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parameters are well-controlled. The optical properties of the fabricated platforms could 
therefore be rapidly interrogated. It was found that the adsorption wavelength of these 
structures could be tuned from the visible to the near-infrared region. Furthermore, 
remarkable sensitivity to the medium’s refractive index change was also observed, 
which produced peak shifts up to hundreds of nanometers. Such properties would be 
highly desirable in bio-compatible sensing devices. 
 
Experimental Section  
The metal film substrates were prepared by evaporation deposition on planar 
glass slides, VWR Micro Cover Glass No. 2 (West Chester, PA). Each slide was first 
coated with 3 nm thick Cr and then 50 nm thick metal layers. A 20 nm thick Shipley 
1805 polymer layer was then spun-coated onto the metal substrate. A 10.0 µL solution 
containing suspended monodispersed polystyrene spheres was mixed with a 10.0 µL 
aqueous solution containing a specific concentration of Triton QS-15 surfactant. (Note: 
The polystyrene spheres (Duke Scientific, CA) were first pretreated by repeated washing, 
sonication, and centrifugation in deionized water for 10 times to remove existing 
surfactant molecules from the suspension solution.) This solution was then gently spread 
onto the substrate dropwisely and the whole slide was allowed to dry under ambient 
conditions (Relative humidity ~ 40%) for approximately one hour. The template spheres 
were then removed via sonication in deionized water and the slide was then dried using 
N2. 
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To fabricate same diameter but different periodicity Au nanohole arrays, Figure 
6.2I A-F, slightly different Triton QS-15 surfactant concentrations were applied. For 
2504 nm and 1998 nm periodicities, 0.02 % Triton QS-15 concentration (w/w) was 
applied. For 1745 nm, 1361 nm, 1020 nm, and 799 nm periodicities, 0.025 % Triton QS-
15 concentration condition was applied. This would lead to all fabricated polymer 
features maintaining a 550 nm size in diameter for six different periodicities. Thereafter, 
the polymer features were transferred to Au through wet chemical etching. An aqueous 
solution containing 20 mM iron nitrate and 30 mM thiourea was applied in the 
experiments. A 15 min Au etching duration was applied to successfully transfer the 
polymer features to Au. In the following step, a 1 min Cr etching process by half diluted 
commercial etchant (1020 AC, Transene Company Inc., MA) was applied to remove the 
underneath Cr. Finally, the polymer was removed by copious amount of acetone and 
deionized water. 
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To fabricate same periodicity (2µm) but different diameter Au nanohole arrays, 
Figure 6.2II A-D, a 0.075 % Triton QS-15 surfactant concentration was applied. This led 
to a polymer feature with 700 nm in diameter. Different Au etching durations were 
applied to produce different sizes of Au holes through over-etching. 10 min, 16 min, 18 
min, and 30 min etching durations were applied to produce 850 nm, 1150 nm, 1300 nm, 
and 1650 nm sizes Au hole arrays, respectively, with 2µm periodicity. 
AFM measurements were made by using a Nanoscope IIIa instrument (Digital 
Instruments, Santa Barbara, CA).  All measurements were made by tapping mode in air 
with a type J scanner employing etched silicon tips, VistaProbes T190R (Nanoscience 
Instruments, Phoenix, AZ). UV-Vis-NIR spectra were taken with a Hitachi U-4100 UV-
Vis-NIR Spectrophotometer (Hitachi High-Technologies, Tokyo, Japan).  The substrates 
were directly and conveniently seated inside the spectrometer. All experiments were 
done through normal incidence. 
 
 
 
 
 
 
 
 
 
 96
 
Figure 6.1. Schematic diagram of periodic nanohole features fabrication. (A) A thin 
layer of polymer is spun-coated on a gold coated glass substrate. (B) Polystyrene spheres 
are spread on top of the substrate. (C) The liquid is dried under ambient condition. (D) 
The template spheres are sonicated off in a water bath. Polymer nanohole features are 
left on top of Au. (E) Polymer features are transferred to Au through wet chemical 
etching. (F) The top polymer layer is removed by copious of acetone and water. 
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Figure 6.2. (I) 10 µm × 10 µm AFM images showing Au features fabricated with same 
hole diameter in 550 nm but different periodicities: (A) 2504 nm (B) 1998 nm (C) 1745 
nm (D) 1361 nm (E) 1020 nm (F) 799 nm. Images are at the same height scale. Scale 
bars: 2 µm. (II) 10 µm × 10 µm AFM images showing Au features fabricated with same 
2 µm hole periodicity but different sizes in diameter: (A) 850 nm (B) 1150 nm (C) 1300 
nm (D) 1650 nm. Images are at the same height scale. Scale bars: 2 µm. 
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Results 
 When incident light interacts with a periodic array of sub-wavelength holes, an 
extraordinary transmission phenomenon 173, 177 arises due to a surface plasmon 
enhancement effect. In such plasmonic devices, geometric parameters influence the 
corresponding plasmonic properties. Based on our convenient bench-top technique, 
system studies of these parameter effects on the optical properties could be easily 
utilized. Therefore, several important factors were considered in our periodic nanohole 
array studies. Nanohole periodicity, material, diameter, and surrounding medium effects 
will be discussed in this section.  
 
Periodic Metal Nanohole Array Preparation 
Our strategy for fabricating periodic metal nanohole arrays is shown 
schematically in Figure 6.1. Planar glass slides were employed in all experiments as 
substrates. The substrates were first coated via sublimation with a 3 nm thick Cr wetting 
layer followed by a 50 nm thick metal film (Au, Ag, Cu, or Al). Next, the substrates 
were spin-coated with a 20 nm thick Shipley 1805 polymer layer. This led to the 
multilayer structure depicted in Figure 6.1A. A 20.0 µL solution containing the 
appropriate concentrations of suspended monodispersed polystyrene spheres and Triton 
QS-15 surfactant was then gently spread onto the substrate dropwisely. The solution was 
allowed to dry under ambient conditions (Temp = 20 ºC, relative humidity = 40%) for 
approximately 1 hour, Figure 6.1B-C.  
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It should be noted that sufficient concentrations of Triton QS-15 surfactant in 
aqueous solution can dissolve the Shipley polymer layer.166 The template sphere position 
was the final place where the remaining surface liquid accumulated during evaporation. 
157, 166 This produced a highly concentrated surfactant environment localized at the 
contact point of the spheres.166 The polymer spheres and the adjacent polymer material 
could therefore easily be removed from the substrate in a sonication bath containing an 
aqueous solution for 1 min at room temperature (Figure 6.1D).166 In contrast to these 
disk-shaped locations, other portions of the polymer covered surface maintained their 
integrity. The templating spheres assumed a hexagonal close packed pattern, which is 
conserved in the polymer layer. After blowing the sample dry under nitrogen, the 
patterned slide was then immersed in a metal etching solution to transfer the polymer’s 
features to the underlying metal layer (Figure 6.1E). Finally, the polymer was stripped 
away by washing with acetone and deionized water. This created a periodic array of 
nanoholes in the thin metal film as depicted in Figure 6.1F. 
With careful adjustment of the working surfactant concentration and metal wet 
etching time, the metal hole sizes in diameter and the periodicities could be well-tuned to 
interested ranges, as demonstrated in Figure 6.2. The detailed works will be described in 
the following sections. 
Fabrication of Nanohole Arrays 
In a first set of experiments, we fabricated hexagonal arrays of nanoholes in Au 
with varying periodicity, but fixed pore diameter. To do this, polystyrene spheres of 
varying diameters were employed. Both the surfactant concentration and metal etching 
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times were varied to produce nanopores with diameters of 550 ± 20nm. The exact 
experimental conditions are described in the experimental section. AFM images of 
substrates with periodicities ranging from 799 nm to 2504 nm are shown in Figure 6.2I 
A-F. 
Next, Au nanohole arrays with constant periodicity, but with varying hole 
diameters were fabricated. This can be achieved by fixing the polystyrene sphere size, 
while varying the Au etch time in the last step of the fabrication process: 2 µm 
polystyrene sphere were employed in a solution containing 0.075 % Triton QS-15. The 
template fixed the hole array periodicity at 2 µm.157, 166 Atomic force microscopy images 
of arrays with hole diameters ranging from 850 nm to 1650 nm are shown in Figure 6.2II 
A-D. To create this array, Au etch times of 10, 16, 18, and 30 min were used, 
respectively.  
 
Absorption Spectra  
Absorption measurements were made with the nanopore arrays from Figure 6.2 
throughout the visible and near infrared regions of the electromagnetic spectrum. The 
transmission spectra corresponding to the films in Figure 6.2I A-F Au are provided in 
Figure 6.3A. As can be seen, there were some common signature absorption peaks in the 
spectra for each film. The overall spectral signatures are similar to each other, except the 
absorption bands continuously red-shifted as the distance between holes is increased. 
Moreover, the individual features become significantly broadened with the increasing 
periodicity. This made the fine structure in the short wavelength region of the spectrum  
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Figure 6.3. UV/VIS-NIR absorption spectrum of Au nanohole films: (A) 550 nm hole 
arrays with different periodicities, corresponding to Figure 6.2I. (B) 2 µm periodicity 
arrays with different hole sizes in diameter, corresponding to Figure 6.2II. (C) 1 µm 
periodicity arrays with different hole sizes in diameter. 
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easier to discern with increasing periodicity. Nevertheless, multiple more compressed 
peaks are still present even when the periodicity is 799 nm or 1020 nm. 
The absorption features in Figure 6.3A can be attributed to surface plasmon 
polariton (SPP). 175, 176, 180 The extraordinary transmission spectra have been observed 
and simulated in periodic metal nanohole arrays.169, 173-177, 179, 180, 182, 186, 193-195 The 
incident light should interact with the surface plasmon on either side of the metal film 
and the array of sub-wavelength holes should be treated as an array of evanescently 
coupled resonators.177 Although the individual nanoholes are very small and do not 
allow propagation of light, the coupling between the introduced electromagnetic wave 
and the surface plasmons on the surface induced the extraordinary transmission 
phenomenon.168 Provided the necessary momentum conservation for this coupling 
process, the metallic periodic nanostructures can convert the light into surface plasmons 
and an extraordinary transmission spectrum could be observed.168 The absorption spectra 
in our experiments also represent an interesting optical property. Specific signature 
absorption peaks were clearly observed and the spectra were one of the most systematic 
results ever demonstrated. It is also interesting to note that the signature features in the 
spectra are highly correlated to the periodicity. Moreover, the relationship between the 
frequency of the signature peaks and the lattice periodicity is almost perfectly linear, as 
shown in Figure 6.4A. 
Next, the absorption spectra from systems with constant periodicity, but varying 
hole size from Figure 6.2II A-D are shown in Figure 6.3B. It should be noted that hole 
size is often considered to be an important factor affecting surface plasmon modes.77, 194, 
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 As expected, absorption increases as the holes are made smaller; however, the peak 
shapes and positions remain nearly unchanged. Specifically, the two longer wavelength 
features blue shift only 25 nm to 30 nm as the hole size is increased from 850 nm to 
1650 nm. It should also be noted that the smallest peaks in the shorter wavelength region 
were also shifted by changing hole diameters but were difficult to be distinguished in the 
spectra. Nevertheless, these small shifts were very tiny, Figure 6.4B, compared to the 
1000+ nm shifts that can be obtained by changing periodicity rather than hole diameter. 
As an additional confirmation of this, we wished to repeat this experiment at a 
periodicity of 1 µm. The idea was to see if more closely spaced holes would lead to 
larger changes as the pore size is modulated. Experiments were run with hole diameters 
ranging from 420 nm to 800 nm. Again, only a slight blue shift in the two major features 
was observed as a function of pore size (Figure 6.3C). This result is a clear indication 
that periodicity rather than pore diameter is the key variable for modulating the 
adsorption frequency. 
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Figure 6.4. The relationship between (A) periodicities and their representing peak 
positions when hole size is fixed. (B) sizes and their representing peak positions when 
hole periodicity is fixed. 
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Tuning the Index of Refraction of the Surrounding Medium 
 In a next set of experiments, a series of different liquids were placed into contact 
with the nanohole array to investigate the effect of changes in index of refraction in the 
surrounding medium on the positions of the adsorption bands. Experiments were 
performed with a simple sandwich setup as shown in Figure 6.5A. Specifically, an 
organic or aqueous solution was introduced onto the substrate surface and another clean 
glass slide was placed on top of it. A transmission UV-Vis-NIR spectrum was then 
obtained by shedding the source light through the top glass slide. In all experiments, the 
pattern contained a 50 nm thick Au film with 750 nm diameter holes and a 2 µm 
periodicity.  Seven liquids with different refractive indexes were employed with indices 
of refraction ranging from 1.33 to 1.5. The spectra obtained are shown in Figure 6.5B. A 
large wavelength shift (compared to the air) was observed in each case. For clarity, the 
corresponding peaks wavelength shifts were outlined in Table 6.1.   
 Significantly, only a part of signature features were greatly affected relative to 
the others. The second and the fifth absorption bands counting from the higher 
wavelength side shifted the most. It is believed that the shifting of these peaks is a 
plasmonic phenomenon, which is very sensitive to the refractive index of the 
surrounding medium. On the other hand, the first, the third, and the fourth hands were 
virtually unaffected. Figure 6.6 plots the peak shifts of the signature features as a 
function of the index of refraction and the corresponding numerical data is outline in 
Table 6.1. It is clear to see the peak wavelength shifts depends on the refractive index of 
the medium introduced. The higher the index, the more peak red shifts were observed  
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Figure 6.5. (A) Schematic diagram of the periodic Au nanohole array device in medium 
effect examination. (B) Normalized NIR absorption spectrum of a Au film with 750 nm 
holes in diameter and 2 µm in periodicity when treated with different refractive index 
medium. 
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Table 6.1. The refractive index of surrounding medium and the corresponding peak 
wavelength shifts (compare to air). 
 Air H2O Methanol Acetonitrile Ethanol Isopropanol Dodecane 
Refractive 
Index 
Matching 
Oil 
Refractive 
index 
1 1.333 1.3288 1.3442 1.3611 1.3776 1.422 1.5 
Peak 1 
Shift (nm) 
0 20 30 32 35 35 40 50 
Peak 2 
Shift (nm) 
0 500 540 565 590 625 710 890 
Peak 3 
Shift (nm) 
0 4 5 5 6 9 11 15 
Peak 4 
Shift (nm) 
0 6 8 8 9 10 10 14 
Peak 5 
Shift (nm) 
0 310 318 326 356 370 410 520 
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Figure 6.6. The relationship between signature feature peak shifts and the surrounding 
medium refractive index. 
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based on a nearly linear trend. However, the very different extends of peak shifting 
resulted in a dramatic trend line slope difference as can be seen in Figure 6.6. It is very 
interesting to note that this slope varying trend does not follow the signature absorption 
bands sequence in the spectra. 
These novel active-inactive peak sets provides a possible route for fabricating 
highly sensitive plasmonic devices based with a built-in reference. It is also important to 
note that the active peak shift is fully reversible, allowing for the production of a 
reusable device for sensing applications. The details for the different bands based upon 
these observations will be elaborated in the discussion section. 
 
Changing the Metal 
 Using our technique, the uniform nanohole polymer features could be easily 
transferred to any interest materials. Plasmonic architectures are known to be highly 
dependent on the specific metal from which they are made. Indeed, different metals give 
rise to different plasmonic bands with specific characteristic peak positions. To probe 
this relationship, we examined three additional different metal films: Ag, Cu, and Al. 
Similar sample preparation processes were applied to produce each metal film as was 
done for Au. All metal films were 50 nm thick with a hole periodicity of 2 µm. As can 
be seen in Figure 6.7, the features are generally the same as those found for Au. 
Specifically two prominent features are observed and a number of smaller features are 
found on the high energy side of the shorter wavelength peak. 
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Figure 6.7. The UV-NIR absorption spectrum showing signature peaks of periodic 
nanohole array within different materials: (A) Ag (B) Cu (C) Al. The corresponding 
periodicities and hole sizes are demonstrated in the insets. 
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Discussion 
Through our evaporative templating technique, a nanohole array with easily 
tunable parameters could be easily fabricated in a very simple and economical way. The 
whole preparation process requires only around one hour and produce highly uniform 
nanohole polymer features. These polymer structures can therefore be used as a mold to 
be transferred to different materials. This is one of the most convenient methods ever 
reported in being able to produce such high quality and large area useful metallic 
nanohole array films in a very short time. This technique therefore guarantees high 
productivity of these kinds of devices for fast property testing in a very economical way.  
In our experiment, the optical spectrum is far more sensitive to periodicity than 
pore diameter, Figure 6.3. Changing the pore diameter, of course, should cause a 
perturbation in the effective index of refraction of the medium, which ultimately leads to 
a modest shift in the absorption peaks. On the other hand, the coupling between the 
plasmonic bands is altered as the distance between the pores is altered. In the present 
experiments, the incident light is perpendicular to the substrate surface which does not 
allow for in-plane momentum transfer to the surface plasmon resonances. Instead, the 
SPR frequency is solely dependent on the grating periodicity, which makes the 
adsorption frequencies particularly sensitive to the separation distance between the 
features as has been demonstrated both theoretically and experimentally.176, 197 
The spectral features observed here were induced by surface plasmon 
enhancement phenomena. Au, Ag, Cu, and Al are typical plasmonic metals,165, 198 and 
they all give rise to the same basic spectroscopic signature. However, Cr, which does not 
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give rise to this signature, is only marginally metallic and does not support surface 
plasmon modes.176, 199 It should be noted that the signature peaks of different metal films 
did not represent remarkable dissimilarity as other plasmonic geometries could induce, 
Figure 6.7.165, 198 This implies that the absorption peak structure was dominated by 
periodicity rather than the individual plasmonic properties of the metals. Nevertheless, 
only plasmonic metals represented this phenomenon in the experiment. 
In the spectra of our experiment, many distinct absorption peaks were observed 
as demonstrated in Figure 6.3A. We categorized these signature peaks into two sets. The 
first, the third, and the fourth peaks counting from the higher wavelength side composed 
the first set. The second, the fifth, and the sixth peaks were the second set. It was 
believed the two sets of peaks come from surface plasmons on both sides of the Au film. 
In our experiment, the periodic nanohole array Au film was supported by a glass 
substrate. The top (air) and bottom (glass) sides of the Au film should support different 
surface plasmon modes. Consequently, the existence of two sets of plasmonic peaks is 
expected.168, 180, 189 We assigned the first set of peaks to be the bottom (glass) side 
surface plasmon, while the second set was contributed by the top (air) side instead. This 
assignment is also supported by our surrounding medium refractive index changing 
experiment discussed as follows. 
For plasmonic devices, the surrounding medium of the nanostructures causes 
dramatic property alteration. This is believed to be induced by surface plasmon changes 
due to different refractive index and dielectric constant of each medium.165, 177, 179, 180, 200 
In our results, Figure 6.5 and 6.6, a magnificent peak shifting was observed on peak 2 
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and 5 with hundreds of nm wavelength shifts. On the other hand, a comparably stable 
phenomenon was observed on peak 1, 3, and 4. As pointed out before, we assigned the 
peak 2 and 5 to be contributed by the top (air) side surface plasmons. Therefore, this set 
of peaks should be very sensitive to the changing of surrounding medium refractive 
index. On the other hand, the peak 1, 3, and 4 were assigned to the bottom (glass) side 
surface plasmon contributions and should not have much response to the top layer 
medium changes. The tiny shifts observed were believed induced by local environment 
change through filling the holes with different liquids. Furthermore, it is also important 
to note that when the refractive index matching oil was introduced to the system, only 
peak 1, 3, and 4 would exist in the spectrum since the plasmonic modes on both sides are 
now the same. 
When a momentum matching condition happens on a periodic nanohole array, 
the incident light could be coupled to surface plasmons. If the light is a normal incidence 
and the periodic array maintains a hexagonal rigidity, the transmission peak positions 
could be expressed by:168, 175, 177-180, 189, 201 
dm
dm
jiji
P
εε
εελ +++
=
)(
3
4 22
max  
where P is the periodicity of the array, i and j are the grating orders of the array, and  εm 
and εd are the dielectric constants of the metal and the dielectric material in contact with 
the metal, respectively. Using this equation, we successfully assigned our two sets of 
absorption peaks as follows. In the air environment, peak 1, 3, and 4 are contributed by 
(1,0)glass, (1,1)glass, and (2,0)glass; while peak 2, 5, and 6 are corresponding to (1,0)air, 
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(1,1)air, and (2,0)air, respectively. This assignment is also supported by our surrounding 
medium refractive index changing results. When higher refractive index medium was 
introduced, the original air side plasmon mode was changed. A red shift of these peaks 
was expected and observed in the spectrum, Figure 6.5. At the mean time, the local 
environment of the glass substrate side was only slightly affected and a much less red 
shift of those corresponding peaks was expected. It is interesting to note that when the 
refractive index matching oil was introduced to the system, only one set of peaks would 
exist. Specifically, peak 2 is merged to peak 1; peak 5 is merged to peak 3; and peak 6 is 
merged to peak 4, respectively. It is also important to note that if the Au film is very thin, 
the simulation results through the above equation would be slight different from the 
observations. This is because the local environment of the top and bottom sides of the 
Au film would slightly affect each other and a prediction through bulk dielectric 
constants would have some alteration. 
In summary, periodic metallic nanohole arrays can provide interesting optical 
properties. These phenomenons were believed to be dominated by the surface plasmon. 
In our films, unique plasmonic properties were also clearly observed. In addition, much 
richer signature features were obtained and could be clearly outlined. This is because the 
arrays produced through our technique maintained a very high quality in a large area, 
and the parameters could be easily well-tuned to a very wide range. Systematic studies 
are therefore much simpler and more economical. This technique consequently provides 
scientist and engineers a convenient way to prototype similar structures for their own 
requirements and to manipulate the relative property testing.  
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Conclusion  
 A robust technique is demonstrated in this study to produce periodic metal 
nanohole arrays under ambient conditions without sophisticated preparation or expensive 
equipment. Uniform nanohole arrays with different periodicities, sizes, and materials 
could be easily performed than any other comparable methods demonstrated before to 
fabricate similar features. The unique signature spectrum was found to be very sensitive 
to the environmental refractive index change, with peak shifts in the hundreds of 
nanometers. A novel active-inactive peak set was also observed and assigned in the 
spectrum. This active window could be well-tuned to any region between Vis to Near-IR 
range. Periodicity was found to be the dominating factor in the spectral signatures in 
comparison to hole diameter or material. This phenomenon was only observed in 
plasmonic materials, which suggested the important role of the surface plasmon in this 
system. A highly sensitive bio-compatible device is therefore possible based on this 
platform and could be widely applied to analytical, biomedical, industrial, agricultural, 
and clinical technologies. 
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CHAPTER VII 
SUMMARY AND OUTLOOK 
 
 
 During my student life at Texas A&M University, my research was focused on 
rapid prototyping and bench-top techniques for nanofabrication. Modifications in 
nanostructures can be made quickly and efficiently to broadly test new physical 
properties and related applications in the chemical and biological sciences. In addition, 
the results provide a better understanding of material properties on the nanoscale which 
is also an interesting and intriguing scientific topic. Overall, my research is best viewed 
as a fundamental molecular-level understanding of surface patterning with chemistry, 
engineering, physics, and biotechnology. Herein, I am summarizing the research work I 
achieved and my current projects. In addition, I will also discuss some potential future 
directions of these techniques. 
 First of all, we demonstrate a simple, inexpensive, and rapid method for making 
metal nanoparticles ranging between 10 nm and 100 nm in size. The process can be 
competed in approximately 11 minutes without the use of a clean room environment or 
vacuum techniques. The method works by using a thin supported TiO2 film as a 
photocatalyst and an alumina membrane as a template. The nanoparticle array formed in 
this manner is nearly monodispersed and the particle surface density and geometry are 
uniform over large areas. Depending on this bench-top technique, we successfully 
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demonstrate a simple label-free biosensor fabrication method based on transmission 
localized surface plasmon resonance (T-LSPR). The metal surface could be elaborated 
with thiol-linked ligands for binding protein molecules. For demonstration purposes, 
biotin-linked thiol ligands were employed for binding streptavidin from solution. For an 
array of 19 nm silver nanoparticles, a red shift in the T-LSPR of 24 nm was observed 
upon protein-ligand binding at saturation. Platforms were also fabricated with silver 
nanoparticles of different sizes, up to 73 nm in diameter. The maximum LSPR 
wavelength shift was found to be nanoparticle size dependent and the maximum 
sensitivity was found for the smallest nanoparticles. 
Secondly, we demonstrate a nanoscale patterning technique for creating twin 
features in polymers and metals. The process works by combining evaporative ring 
staining with a colloidal templating process. Well-ordered hexagonally arrayed double 
rings were fabricated using hydrophobic spherical templates. The diameter of the rings, 
the width of individual rings, and the spacing between concentric and adjacent rings 
could be tuned by varying the solution conditions. Arrays could also be made without 
the outer ring by employing hydrophilic templates. Systematic studies of the evaporative 
templating to create the nanoscale geometric features on planar substrates were also 
demonstrated. The effects of solution conditions, colloidal sphere chemistry, size, and 
the relative humidity of the surroundings were discussed for creating a unique array of 
nanoscale architectures. For example, well-ordered hexagonally arrayed nanorings, 
double rings, triple rings, targets, and holes were all easily prepared. A line width as thin 
as ~15 nm can repeatably be performed with this technology. In addition, real-time 
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formation of the features can also be achieved which provides important insights into the 
physical-chemical mechanism of their formation. 
Finally, fabrication of an ultra-sensitive plasmonic optical device is demonstrated. 
This technique provides an easy way to produce periodic hexagonal nanohole metal 
films quickly under ambient conditions without any expensive equipment or 
sophisticated preparation. It was observed that the absorption wavelength of the peaks 
produced by these structures could be shifted by hundreds of nanometers depending on 
the refractive index of the surrounding medium. Two sets of major signature absorption 
peaks were found; one of them was highly sensitive to changes in the surrounding 
medium, the other one was not. The peaks were assigned to the two surface plasmon 
modes contributed by the two metal surfaces. This sensitive spectral range can be well-
tuned in the visible and near infrared region. 
In summary, my research combines surface chemistry, physics, engineering, 
analytical chemistry, and biotechnology. These rapid prototyping bench-top techniques 
provide a much convenient and economical route to fabricate well defined 
nanostructures. We have shown that these processes can be precisely controlled and 
applied for many useful purposes. The results provide a better understanding of material 
properties on the nanoscale level. In addition, the nanostructures can be modified 
quickly and efficiently for testing a broad range of new physical properties and their 
related applications in the chemical and biological fields. In the future, these techniques 
could be easily combined with other techniques for advanced applications. Novel 
interesting nanostructures are therefore much easier to obtain. Fascinating properties and 
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their potential applications in plasmonics, biosensing, optoelectronics, and surface 
chemistry studies will no more be restricted to the sophisticated preparations and the 
expensive equipments. 
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